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Abstract: Clear cell renal cell carcinoma (ccRCC), the most common form of Kidney cancer,
is characterized by frequent mutations of the von Hippel-Lindau (VHL) tumor suppressor gene
in ~85% of sporadic cases. Loss of pVHL function affects multiple cellular processes, among which
the activation of hypoxia inducible factor (HIF) pathway is the best-known function. Constitutive
activation of HIF signaling in turn activates hundreds of genes involved in numerous oncogenic
pathways, which contribute to the development or progression of ccRCC. Although VHL mutations
are considered as drivers of ccRCC, they are not sufficient to cause the disease. Recent genome-wide
sequencing studies of ccRCC have revealed that mutations of genes coding for epigenome modifiers
and chromatin remodelers, including PBRM1, SETD2 and BAP1, are the most common somatic
genetic abnormalities after VHL mutations in these tumors. Moreover, recent research has shed
light on the extent of abnormal epigenome alterations in ccRCC tumors, including aberrant DNA
methylation patterns, abnormal histone modifications and deregulated expression of non-coding
RNAs. In this review, we discuss the epigenetic modifiers that are commonly mutated in ccRCC,
and our growing knowledge of the cellular processes that are impacted by them. Furthermore, we
explore new avenues for developing therapeutic approaches based on our knowledge of epigenome
aberrations of ccRCC.

Keywords: renal cell carcinoma; DNA methylation; histone modifications; lncRNA; HIF; VHL;
ccRCC; epigenetic therapy

1. Introduction

Kidney cancers account for the 7th and 10th most common malignancies in males and females,
respectively, in the US according to estimated new cases in 2014 [1]. Renal cell carcinoma (RCC)
is the most common form (85–90% of all kidney cancers) and contributes to 2.4–4% of all human
cancers [1–5]. More than 300,000 patients are diagnosed each year and around 143,000 of them die
each year, representing RCC as the sixteenth most common cause of death from cancer worldwide [2].
RCC manifests in different histological types, of which clear cell RCC (ccRCC) is the most common
with a prevalence of 70–80%; followed by papillary RCC (10–16%); chromophobe RCC (5–7%); and
other RCCs types with lower prevalence [6,7]. Risk factors for the development of RCC include
smoking tobacco [8], obesity [9,10], hypertension [11] and a history of chronic kidney disease [12].
Furthermore, RCC has also been identified as an occupational disease as exposure to certain chemicals
such as trichloroethylene [13], which was confirmed in a meta-analysis [14–16], elevates the risk of
RCC. Moreover, exposure to cadmium and cadmium compounds has also been reported as a potential
factor that increases risk of RCC [13]. In addition, genomic studies have indicated that an exposure to
aristolochic acid (a nephrotoxin) may have a possible role in the tumorigenesis of the ccRCC [17,18].
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Other risk factors include radiation exposure (e.g., for cancer treatment) that slightly increases the risk
and rare hereditary conditions such as von Hippel-Lindau disease, caused by germline mutations in
VHL gene [2]. Furthermore, an unexplained male predominance exists in RCC with a male: female
incidence rate of 1.5:1–2:1 in Europe and the USA [1,2,19–22]. The differences between male and female
prevalence across the world remain valid even after correcting for the confounding variables such
as gross domestic product, geographical region, and environmental risk factors, including tobacco
exposure [4,21].

ccRCC arises from the epithelium of the proximal tubule of the nephron of kidney [6,7,23],
and exhibits a distinct histology where each cell appears to have a round nucleus within a clear
cytoplasm, and is separated from neighboring cells by a distinct cell membrane [23]. Although
most ccRCCs are treated by resection via surgery, early diagnosis is difficult and by the time the
ccRCC is detected, it has already metastasized in 30–35% of the patients [5,24]. In fact, there is
no recommended screening test for the early detection of RCC among people at average risk [2].
Even though patients present with localized disease (stages I or II) have a 5-year survival rate greater
than 70% with radical or partial nephrectomy, stage III (regional spread) and IV (metastatic) RCC have
a poor prognosis, with 5-year survival rates of only 50% and 10%, respectively [2,25,26]. Metastatic
RCC (mRCC) is resistant to chemotherapy and radiotherapies and is incurable [7]. Therefore, medical
researchers hope that increasing knowledge of the molecular biology of tumor initiation, development
and metastasis will help to develop better diagnostic and therapeutic tools.

Following the advent of next generation sequencing (NGS), RCC was of the first tumor types
whose genomes were sequenced using massively parallel sequencing [6]. Exome sequencing was
performed in a combined effort to determine protein coding genes that were affected by somatic
mutations [27–29]. Strikingly, numerous genes that are involved in the regulation of epigenetic
modifications were discovered to be commonly mutated in RCC tumors. This pointed to the notion
that abnormalities of epigenetic modifiers are likely among the key molecular driving factors of RCC.
Since then additional studies including the Cancer Genome Atlas (TCGA) [30] and the International
Cancer Genome Consortium projects [18]. Studies have confirmed frequent mutations of the histone
modifying as well as chromatin remodeler genes in RCC [30,31].

Epigenetic factors including DNA methylation patterns and histone modifications have a central
role in the regulation of global and local gene expression [32,33]. Deregulation of these epigenetic
regulatory mechanisms is involved in tumorigenesis of different cancers including RCC [32,33].
Here, we review genomic and epigenomic abnormalities that drive RCC, with an emphasis on the
recently-recognized frequent aberrations of epigenetic regulators. First, role of the well-known
Von Hippel-Lindau (VHL)-Hypoxia-inducible factors (HIF) pathway will be briefly mentioned.
Next, we will review epigenetic modifier genes that are recurrently found mutated in recent RCC
genomics studies, and will discuss the emerging knowledge about functional consequences of their
mutations, and how these abnormalities may contribute to RCC development. Next, a connection
between these genes and aberrant DNA methylation, histone modification and long non-coding
RNA (lncRNA) expression patterns in RCC will be discussed. Finally, we will examine the clinical
significance of epigenome abnormalities in RCC. The epigenetic regulations mediated by miRNA are
not the focus of this review as they have extensively been reviewed elsewhere [6,34,35].

2. Von Hippel-Lindau (VHL) and Hypoxia-Inducible Factors (HIF)

In contrast to other cancers, inactivating mutations in general tumor suppressor genes (TSGs),
such as TP53 and RB1, are not frequent in RCC. In fact, mutations in TP53 and RB1 are found only in
11% and <1% in all kidney cancers, respectively; while another TSG, CDKN2A, is mutated in only 10%
of RCC tumors [6,36]. On the other hand, ccRCC has a distinct genetic background as we discuss below.

Germline mutations in von Hippel-Lindau (VHL) tumor suppressor gene result in autosomal
dominant von Hippel Lindau syndrome and predispose to ccRCC [6,7,23,37–42]. VHL disease is
an inherited disorder that follows Knudson’s two-hit tumor suppressor model [23,43–46]. Tumors
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associated with VHL disease include ccRCC (2–4% of all cases), blood tumors (hemangioblastomas) of
the central nervous system and retina, adrenal gland tumors (pheochromocytoma), and pancreatic
and inner ear tumors [23,38,39,41,42,47]. The typical renal manifestations are kidney cysts and
ccRCC [23,38,41,47]. In sporadic (non-familial) form of ccRCC, VHL is biallelically mutated or
epigenetically silenced in ~85% of tumors [48].

VHL is a tumor suppressor gene which is located at Chromosome 3p25 [37,41,49–51]. It encodes
two very functionally similar proteins of ~28–30 kDa and 19 kDa, due to alternative translation
initiation [38,39,52–54]. Majority of VHL mutations are inactivating events that typically disrupt
function of both forms of the protein (pVHL) [30,49,55,56]. pVHL is a multi-functional factor
that acts as an adaptor protein recruiting different effector proteins to different targets thereby
regulating various cellular processes [23,41,50]. These cellular processes include glucose uptake
and metabolism, angiogenesis [6,57], suppressing epithelial to mesenchymal transition (EMT) [24,58],
cellular senescence [59], activating p53 [60], pH homeostasis, chemotaxis, proliferation, survival,
apoptosis [6,57,61], transcription regulation [6], preventing aneuploidy [62], secreting components
of extracellular matrix [63,64], controlling internalization of growth factor receptor [65] regulating
the canonical WNT signaling [66], ubiquitinating RNA polymerase II [67] degrading β2-adrenergic
receptors [68], and regulating nuclear factor (NF) κB activity [69]. However, pVHL is best
known as a regulator of oxygen and energy sensing by targeting hypoxia-inducible factors (HIF)
1 and HIF2 for proteasomal degradation, a process essential in regulating hypoxia-driven gene
expression [6,23,38,41,47,50,57]. Specifically, pVHL forms a complex with Elongin B, Elongin C,
Cul2, and Rbx1 proteins that functions as an E3 ubiquitin ligase that ubquitylates HIF subunits for
proteasomal degradation [41,50].

HIFs are transcription factors of mainly five types: HIF1α, HIF2α, HIF3α, HIF1β (or ARNT1
(aryl hydrocarbon nuclear translocators 1)) and HIF2β (or ARNT2) [23,38,41,47,50,70]. HIF1α and
HIF2α are encoded by HIF1A and EPAS1, respectively. HIF1α is constitutively expressed while
HIF2α expression is restricted [23,38,41,47,50]. HIFα and HIFβ proteins form a complex, which
translocates to the nucleus where it binds to DNA at hypoxia-response elements (HREs) through
two basic helix–loop–helix (bHLH) domains of HIFα, and subsequently activates transcription of
hypoxia-inducible genes. HIFs regulate hundreds of genes related to acute or chronic adaptation to
hypoxia. Furthermore, HIFs regulate genes that function in glucose uptake and metabolism, control of
extracellular pH, erythropoiesis and angiogenesis, mitogenesis and apoptosis [23,38,41,47,50].

2.1. Physiology of the VHL-HIF Pathway

For pVHL to recognize HIFα, HIFα must be hydroxylated. HIFα hydroxylation happens under
the normoxic conditions, in the presence of oxygen, by an enzyme prolyl hydroxylase (PHD or EglN)
that requires iron, ascorbate and 2-oxoglutarate [38,41,50,70–73]. EglN, especially EglN1, uses oxygen
to add hydroxyl group on one of two conserved proline residues in the Oxygen Degradation Domain
of the α-subunit of the HIFα molecule [70,74,75]. This allows pVHL to recognize the hydroxylated
HIFα, subsequently ubiquitinylate it for proteasomal degradation [23,38,39,41,42,47,50,57]. However,
under low oxygen levels, hydroxylation step by EglN does not happen, resulting in HIFα
stabilization due to the lack of recognition by pVHL. HIFα accumulates in the cytoplasm, forms
complex with constitutionally expressed HIFβ, and eventually translocates into the nucleus and
binds to the HREs, thereby activating hundreds of genes related to adaptation to a low oxygen
environment [7,23,38,39,41,42,50].
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and invasion (e.g., CXCR4), metabolic shift towards glycolysis (e.g., GLUT1), survival (e.g., survivin), 
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Figure 1. Physiology of the VHL-HIF pathway along with proposed etiopathogenesis that leads to
metastatic ccRCC. In normoxia, HIFα hydroxylation is carried out by PHDs that requires iron, ascorbate
and 2-oxoglutarate. PHD proteins use oxygen to add hydroxyl group on one of two conserved proline
residues in the Oxygen Degradation Domain of the α-subunit of the HIFα molecule in order to
mark it for recognition by pVHL. pVHL then recognizes hydroxylated HIFα, ubiquitinylates it and
targets it for proteasomal degradation. However, in hypoxia, hydroxylation step by PHDs does
not happen, resulting in HIFα stabilization. HIFα accumulates in the cytoplasm, forms complex
with constitutionally expressed HIFβ, and eventually translocates into the nucleus where is binds
to HREs, thereby activating hundreds of genes related to adaptation to a low oxygen environment.
(I) Loss of VHL activity; (II) Constitutively active HIF pathway: When the VHL is mutated, pVHL
is non-functional, resulting in stabilization of HIFα, and downstream overexpression of numerous
genes involved in angiogenesis (e.g., VEGFA), proliferation (e.g., EGFR), cell migration and invasion
(e.g., CXCR4), metabolic shift towards glycolysis (e.g., GLUT1), survival (e.g., survivin), erythropoiesis
(e.g., EPO), which ultimately contribute to ccRCC tumorigenesis; (III) Interaction of the HIF pathway
with other pathways: While HIF pathway interacts with and enhances the activity of other oncogenic
pathways, it may also contribute to the genome-wide epigenetic alterations; (IV) Genome-wide
epigenetic alterations: The epigenome patterns, established also due to mutations of multiple TSGs
involved in epigenetic modifications, alter various oncogenic, apoptotic, cell cycle regulatory and
mismatch repair pathways; and (V) Immune evasion: Lastly, immune evasion occurs in ccRCC which
is suggested to be partially enhanced by genome-wide epigenetic alterations. All these interactions and
mechanisms interplay throughout the pathogenesis and carcinogenesis of the metastatic ccRCC [42].
Abbreviations: VHL, von Hippel Lindau; HIF, hypoxia inducible factor; PHD, prolyl hydroxylase;
Ub, ubiquitin; HRE, hypoxia response elements; PI3K, phosphoinositide 3-kinase; mTOR, mammalian
target of rapamycin; NF-κB, nuclear factor kappa B; MITF, microphthalmia-associated transcription
factor; CXCR4, CXC chemokine receptor 4; CCR7, C-C chemokine receptor type 7; SHH, sonic hedgehog;
TSGs, tumor suppressor genes, EMT, epithelial to mesenchymal transition; TGF-β, transforming growth
factor beta; and ccRCC, clear cell renal cell carcinoma.

2.2. Hypoxia-Driven Tumorigenesis of ccRCC

An etiopathogenesis of metastatic ccRCC was proposed recently describing putative stepwise
molecular alterations that lead to the initiation and progression of the disease, focusing on the
role of VHL-HIF molecular axis (Figure 1) [42]. This process starts with inactivation of pVHL by
mutations or epigenetic silencing of the VHL gene. As such, even though HIFα is hydroxylated,



Int. J. Mol. Sci. 2017, 18, 1774 5 of 33

pVHL is non-functional, resulting in the constitutive activation of HIFα. HIFα is stabilized,
dimerizes with HIF1β and activates numerous genes involved in angiogenesis (e.g., VEGFA),
proliferation (e.g., EGFR), cell migration and invasion (e.g., CXCR4), metabolic shift towards glycolysis
(e.g., GLUT1), survival (e.g., survivin), and erythropoiesis (e.g., EPO), which ultimately contribute to
tumorigenesis [7,23,41,42,50]. Whereas there is evidence that HIF-2α is oncogenic, an oncogenic role
for HIF-1α is not well-documented, and the two proteins appear to show contrasting functions in
VHL-deficient cells [23,38,39,50,76–80]. The constitutively active HIFα pathway is considered as a key
driving pathway of ccRCC [42], due to its broad actions on activating multiple downstream oncogenic
pathways and its potential involvement in establishing abnormal epigenome patterns as depicted in
Figure 1. Recently, two antagonists of HIF-2α (PT2385 and PT2399) have shown promising results
in inhibiting tumor growth and angiogenesis in ccRCC [40,81–83] highlighting HIF-2α as potential
therapeutic target. However, given the wide spectrum of cellular processes that can be regulated
by pVHL, the consequences of VHL-deficiency are beyond the activation of HIF signaling, pointing
to the diverse molecular mechanisms that are deregulated in ccRCC, and can potentially serve as
therapeutic targets [84].

3. Epigenetics of ccRCC

Epigenetics refers to the heritable changes that govern gene expression patterns not by affecting
the sequence of DNA, but through modulating structure of the DNA [85–87]. Abnormal epigenome
patterns play a central role in dysregulation of gene expression in cancer, and are therefore considered
as putative drivers of tumorigenesis and a hallmark of cancer [88,89]. However, among vital questions
to be answered in this area are what are the drivers of epigenome aberrations and how can epigenome
abnormalities cause cancer? Here we review the current knowledge about mutational status of genes
coding for epigenome modifier proteins in RCC, and discuss their emerging contributions to the
RCC-associated epigenome alterations including changes in histone modifications, DNA methylation
and lncRNAs expression, and downstream consequences in the pathogenesis of RCC.

3.1. Histone Modifications

In eukaryotes, the DNA is packed in a form of a series of “beads on a string” where the string
is the DNA and each bead is a nucleosome core particle consisting of approximately 146 bp of DNA
molecule, which is wrapped around an octamer of histone proteins (two of each: H2A, H2B, H3
and H4) [90]. The DNA, nucleosomes and some non-histone proteins such as high mobility group
(HMG) proteins together form the chromatin. Chromatin can be either relaxed (euchromatin) or
condensed (heterochromatin). Generally, euchromatin is the state where genes are transcriptionally
active as the transcriptional machinery can access the DNA, whereas transcription of genes located at
heterochromatic regions is silenced [6,90,91]. The changes in the chromatin structure are influenced
by chemical modifications of amino acids in the external tails of histone molecules. For example,
lysine residues can undergo acetylation, methylation or ubiquitylation. Likewise, arginine residues
can be methylated and the serine residues can be phosphorylated [90]. These histone modifications
are carried out by enzymes, namely histone acetyltransferases (HATs); histone deacetylases (HDACs);
histone methytransferases (HMTs); and histone demethylases (HDMTs). HATs and HDAC add or
remove acetyl groups while HMTs and HDMT add or remove methyl groups, respectively [6,35,90].
The combination of these chemical modifications forms the “histone code”, which regulates changes
in the chromatin state, which in turn regulates the gene expression [6]. For instance, generally
acetylation by HATs results in transcriptional activation and is more associated with a relaxed or
euchromatin conformation [6,90,91]. In contrast, methylation depends upon the degree of methylation
(mono-, di- or tri-methylation) and the residue affected. For instance, methylation of H3K4me3, and
H3K36me3 is associated with transcriptional activation while H3K9me2, and H3K27me3 are linked
to transcriptional repression [35,92]. In the following section, we discuss the recent genomics data
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about abnormalities of genes coding for histone and chromatin modifiers and their contributions to
the ccRCC tumorigenesis.

3.1.1. Chromosome 3p: A Hub for Mutated Epigenome Modifiers

There is a long latency (>30 years) for VHL mutated patients to develop ccRCC [47,93] and Vhl
deficient mice are incapable of developing ccRCC [94]. Furthermore, inactivation of VHL gene alone is
not sufficient to cause ccRCC [23,95]. All these facts suggest that there are other genes which are likely
to be important in ccRCC tumorigenesis [96–98]. Interestingly, 90% of sporadic ccRCCs are affected by
a deletion of ~50 Mb on chromosome 3p, where besides VHL, three genes whose products are involved
in epigenetic or chromatic modification are located; PBRM1, BAP1 and SETD2. The co-localization of
these genes next to each other suggest that they might be functionally linked [99] (Figure 2), and that a
single deletion of this region could result in loss of one copy of all four genes [100–102]. Interestingly,
all these genes have recently been associated with the pathogenesis of cancers other than ccRCC,
including melanoma, mesothelioma, pancreatic cancer, colorectal cancer, leukaemia, suggesting a
potential widespread tumor suppressive function for them [103–109]. Below we review mutational
status and emerging function of them in ccRCC.
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Figure 2. Location of frequently mutated or downregulated epigenome modifier genes including
PBRM1, BAP1, SETD2, KDM5C and KDM6A in ccRCC. Chromosome 3p contains a ~50 Mbs region
where four of these TSGs are located next to each other. Moreover, KDM5C and KDM6A are located
on X chromosome but escape X-inactivation (EXITS). KDM5D and KDM6C, that are located on the
Y chromosome, are homologs of KDM5C and KDM6A respectively. Interestingly, these chromosome
Y homologs of the X-lined genes are commonly deleted in male patients affected by ccRCC. Figure not
drawn to scale. Pink, Centromere; Black, G-positive band; White, G-negative band; Gray, G-positive
band (with increasing gray color intensity indicating increasing positive band 25–75%); and Purple,
variable region.
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Polybromo 1 (PBRM1)

PBRM1 maps to chromosome 3p21 and is the second most frequently mutated gene in ccRCC
affecting about 41% of the patient tumors [29,91]. PBRM1 encodes BAF180 protein that is the chromatin
targeting subunit of the polybromo BRG1-associated factor (PBAF), which is part of the switching
defective/sucrose nonfermenting (SWI/SNF) chromatin remodelling complex [110,111]. The SWI/SNF
complexes are subdivided into BRG1-associated factor (BAF) and PBAF complexes. Targeting of
PBAF complexes to chromatin involves BAF180 and BAF200 [110,112]. BAF180 contains six tandem
bromodomains (BDs) that bind acetylated lysines on histone tails, possibly facilitating the targeting
of PBAF to chromatin. The SWI/SNF multimeric complex utilizes ATP to mobilize nucleosome and
thereby modulate chromatin structure [95,111], and has essential roles in replication, transcription,
DNA repair, cell death, metabolism and control of cell proliferation/differentiation [110,112].
Furthermore, this complex is a key regulator of gene expression through its association with large
numbers of transcription factors [6,7].

PBRM1 functions as a two-hit TSG and majority of mutations are truncating resulting in loss of
the protein [29,113,114]. The inactivation of PBRM1 is associated with enhanced cell proliferation and
migration, and its re-expression in PBRM1-decificent RCC cells has opposite effects by inducing G1
cell cycle arrest via elevation of cyclin-dependent kinase inhibitor p21 levels [29,115,116]. In addition,
PBRM1 can module cytoskeleton and cell motility by regulating the expression of genes whose products
are involved in cell-adhesion and cell-signaling (e.g., E-cadherin) [117,118]. Also, BAF180 has been
suggested to promote centromeric cohesion in mouse and human cells and prevent genome instability
and aneuploidy [119].

A recent study has examined the consequences of BAF180 loss in VHL−/− ccRCC cell lines and
mouse models [120]. The authors showed that proliferation of ccRCC cells was suppressed only when
WT exogenous BAF180 was expressed and not with tumor-associated BAF180 mutant in A704 cells.
Moreover, using biochemical and functional studies, they suggested that BAF180 ability to form
canonical PBAF complex, which contains the BRG1 subunit, causes growth suppression by dampening
the HIF transcriptional signature. Notably, inactivation of BAF180, due to PBRM1 mutations, results
in amplification of HIF transcriptional signature in pVHL-defective (VHL−/−) ccRCC in vitro and
in vivo [120].

Emerging animal models continue to advance our knowledge about the mechanisms by which
PBRM1 deficiency contributes to RCC development. Nargund et al. via tissue-specific deletion of
both Vhl and Pbrm1, created a ccRCC mouse model that recapitulates histopathological and molecular
features of human ccRCC and elucidated how PBRM1 functions as a TSG in ccRCC. They suggested
that genetic deletion of Pbrm1 in mouse kidney alone results in hydronephrosis but not in ccRCC.
However, simultaneous genetic deletions of both Vhl and Pbrm1 in mouse kidney resulted in polycystic
kidney disease, increased mortality, and the development of multifocal and transplantable ccRCC.
Importantly, the stepwise morphological progression from normal appearance through cystic changes
(~6 months) to ccRCC formation (~10 months) observed in this model offered an opportunity to
temporally dissect the mechanisms by which PBRM1 loss cooperates with VHL loss to develop ccRCC.
Gene expression profiling of renal cortices from wild-type, Vhl-deficient, Pbrm1-deficient, and Vhl and
Pbrm1 doubly deficient mice differentiated all groups from each other where Pbrm1 loss was suggested
to amplify the transcriptional outputs of Hif1 and Stat3 incurred by the Vhl loss. PBRM1 acted like a
transcriptional resistor to prevent uncontrolled self-perpetuating amplification of the HIF1 and STAT3
transcriptional outputs incurred by Vhl deficiency. In addition, analysis of mouse and human ccRCC
has revealed that VHL and PBRM1 doubly deficient tumors displayed a convergence on the mTOR
pathway activation after a long latency period, suggesting that the activation of mTOR serves as the
third oncogenic driver event in ccRCC following the loss of VHL and PBRM1 [91].
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BRCA1 Associated Protein-1 (BAP1)

BAP1 is located on chromosome 3p between VHL and PBRM1 genes [121]. BAP1 is
mutated in 10–15% of the ccRCC tumors and like PBRM1, its mutations result in loss of the
protein [122]. Somatic and germline mutations of BAP1 results in metastasizing uveal melanoma
and mesothelioma [104,105,123,124], and a syndrome characterized by uveal, cutaneous melanoma
and mesothelioma, respectively [123,125]. Like VHL, germline BAP1 mutations predisposes to RCC
suggesting that BAP1 loss can initiate RCC development [121,125]. The protein encoded by BAP1
is a deubiquitylating enzyme of the ubiquitin C-terminal hydrolase (UCH) family [126]. BAP1
localizes to the nucleus, and the nuclear localization is required for its tumor-suppressor function [127].
BAP1 forms a multi-protein complex with breast cancer type 1 susceptibility protein (BRCA1) and
BRCA1-associated RING domain protein 1 (BARD1) thereby regulating various processes including
response to DNA damage and cell cycle control [128]. The cell cycle regulatory function of BAP1
is mediated by host cell factor-1 (HCF-1) that serves as scaffold protein that recruits BAP1 to E2F
transcription factor 1 (E2F1) responsive promoters [105,129]. Once recruited, BAP1 deubiquinates
H2AK119ub1 on these promoters which results in progression of cell cycle to S phase. In contrast,
BAP1 knockdown can lead to G1 arrest due to increased levels of H2AK119ub1 on E2F responsive
promoters [126]. Moreover, loss of BAP1 lowers the fidelity of the G1/S phase checkpoint, thus
facilitating uncontrolled cell growth [7].

The exact function of BAP1 in the context of RCC pathogenesis remains largely unknown but
data from multiple studies converge on a role in the regulation of gene expression [104,105,130,131].
For example, pathway analyses showed epidermal growth factor (EGF), nerve growth factor (NGF),
insulin and PI3K pathways were enriched with upregulated genes in BAP1 mutant tumors [121].
Moreover, a correlation between BAP1 mutational status in ccRCC and markers of mTORC1 activation
was reported [118,122]. However, this correlation seems to be indirect as BAP1 reintroduction into
BAP1-deficient ccRCC cell lines did not apparently affect mTORC1 activity [119]. In addition, BAP1
mutations in ccRCC tumors were associated with downregulated expression of target genes of
polycomb repressive complex 2 (PRC2) [132] (Figure 3).
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Figure 3. Role of BAP1 in regulation of polycomb target genes. Polycomb Repressive Complex
(PRC) 2 mediates H3K27 trimethylation that triggers recruitment of PRC1 complex to H2K27me3 sites
where PRC1 complex silences gene expression through monoubiquitylation of H2AK119. In normal
conditions, BAP1 can contribute to the removal of ubiquitin from H2AK119ub, establishing a balance
between ubiquitination and deubiquitination of H2AK119ub that regulates expression of polycomb
target genes. This balance is disrupted when BAP1 is mutated in ccRCC, resulting in dysregulation of
polycomb target genes.

SET Domain Containing 2 (SETD2)

SETD2 is also located at the chromosome 3p near the VHL, PBRM1, BAP1 genes and is inactivated
in 3–12% of RCCs [27,28,30,133]. SETD2 encodes a H3K36 histone methytransferase [134], and its
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inactivation results in the global reduction of the histone mark H3K36me3 [135], and a loss of
non-promoter DNA methylation across the genome [30]. Double deletion of SETD2 in mouse models
leads to loss of H3K36me3, defects in vasculature system, and embryonic lethality [136]. Loss of Setd2
function only affects H3K36 trimethylation and not di- or monomethylation of H3K36 as observed in
Setd2−/− mice.

Recent studies have provided novel insight about the involvement of SETD2 protein in pathways
connected to cancer. It has been shown that SETD2 is required for DNA mismatch repair [137], repair
of DNA double-strand breaks [138], and for genome stability [139]. These functions are apparently
mediated by the methyltransferase activity of SETD2 as trimethylation at H3K36 is essential for ATM
and TP53-mediated DNA damage control checkpoint activation [140]. and the recruitment of the
DNA mismatch repair protein Msh2 (also called hMutSα) [137] (Figure 4). Furthermore, loss of SETD2
together with PBRM1 mutations results in genome instability and prevents correct cell-cycle checkpoint
control. ccRCCs with mutated SETD2 show an impaired DNA-damage response [138].

The H3K36 mark is associated with open chromatin and reduced CpG methylation [135,141],
hence, changes in heterochromatin structure can lead to abnormal changes in chromatin accessibility
of spliceosome machinery to the genes, resulting in aberrant RNA processing and splicing [6,138,141].
Another study confirmed that monoallelic loss of SETD2 does not alter the H3K36me3 levels as SETD2
copy number (CN) loss occurred with high frequency (>90%) but H3K36me3 was not significantly
impacted in SETD2−/+ cells [142]. Furthermore, SETD2 mutations were suggested to correlate
with decreased H3K36me3 in early-stage ccRCC and H3K36me3 was progressively dysregulated
in metastasis. However, the complete loss of SETD2 function was not necessary to initiate the cancer
phenotype or metastasis, and a gradual decline in H3K36me3 is due to adaptation processes or
mediated by other mechanisms while developing distant metastasis. Moreover, H3K36me3 levels were
not predictive of clinical site of metastasis or of the number of distant metastasis. By using ChIP-Seq
and RNA-seq, authors suggested that alterations in regional H3K36me3 patterns impact on alternative
splicing in ccRCC [30,133,142].
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Figure 4. Trimethylation of H3K36 by SETD2 is required for function of DNA repair system via
homologous recombination (HR) repair and mismatch repair (MMR). HR repair of DNA double-strand
breaks (DSBs) occurs with the help of Lens epithelium-derived growth factor p75 (LEDGF) that binds
to H3K36me3 and allows recruitment of C-terminal binding protein interacting protein (CtIP) to
the DSB sites. This further allows Replication Protein A (RPA) and RAD51 binding to damaged
sites. In addition, H3K36me3 contributes to MMR via recruiting the mismatch recognition protein
hMutSα onto chromatin. SETD2 inactivation results in the global reduction of the histone mark
H3K36me3. This leads to deficiency in DNA repair systems which in turn contributes to genome
instability. Blue DNA lines means DNA is repaired while Red DNA lines means DNA is not repaired.
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3.1.2. Epigenome Modifiers on Sex Chromosomes

Lysine Demethylase 6A (KDM6A)

KDM6A or UTX, located on the Xp11.2, was the first histone modifier identified as being a human
cancer gene mutated and inactivated in ccRCC [27]. This gene encodes a protein that demethylates
H3K27, and is mutated in 1% of ccRCCs [143]. To investigate the functional consequences of KDM6A
mutations Haaften et al. expressed wild-type KDM6A in two cancer cell lines (KYSE-180 and KYSE-450)
that were deficient for KDM6A, as well as in a cell line with wild-type KMD6A (NCI-H1299) [27].
Authors observed a significant increase in doubling time only in KDM6A−/− cell lines compared to
control cells transfected with an empty vector. Using microarray analysis, it was shown that genes
associated with the H3K27 methylating polycomb complex were enriched among those that were
differentially expressed following introduction of KDM6A in KDM6A−/− cell lines, indicating that
restoration of KDM6A expression may regulate expression of these genes by modulating H3K27
methylation. In line with these observations, ChIP-PCR analysis confirmed a significant decrease
in H3K27me3 levels on two polycomb target genes SOX1 and PCDH19 upon ectopic expression
of KDM6A in these cells. These findings have been validated and expanded by a recent study
reporting that loss of KDM6A in bladder cancer cells results in dowregulation of polycomb repressive
complex 2 (PRC2) target genes, in line with an antagonizing function between KDM6A and PRC2
(Figure 5) [27,144]. Of significance, KDM6A-deficient cells displayed a dependency on EZH2, a
member of PRC2 that methylates H3K27, for proliferation, suggesting that inhibition of EZH2 may be
an effective therapeutic approach against KDM6A-mutated tumors [144]. Future studies are warranted
to examine such vulnerability in KDM6A deficient ccRCC.

Lysine Demethylase 5C (KDM5C)

KDM5C or JARID1C is another X-linked histone demethylase-coding gene, which is mutated
in 7–9% of ccRCC tumors [28–30]. The protein encoded by KDM5C removes methyl groups from
H3K4me3, a histone mark associated with actively transcribed chromatin [145], and this demethylation
results in transcriptional inactivation of genes [143].

It has been noted that HIF stimulates the expression of KDM5C, which in turn functions
to repress expression of several HIF target genes including IGFBP3, DNAJC12 and COL6A1 by
demethylating H3K4me3 on their promoters [145,146]. This indicates that KDM5C acts as buffer
to control hypoxia-driven gene expression levels following constitutive HIF expression [145]. Given
that the constitutive activation of HIF pathway (due to VHL inactivation) is the main driver pathway
of ccRCC, KDM5C seems to act as a TSG in ccRCC. In addition, KDM5C knockdown in VHL−/−

cell lines has been shown to significantly increase tumorigenesis in a xenograft model of RCC, thus
adding further evidence for a tumor suppressive role of KDM5C in ccRCC [6,145]. The extent of this
tumor suppressive activity has been expanded by a recent study showing that KDM5C deficiency
results in genomic rearrangements and instability, leading to aggressive forms of ccRCC [147]. In
this study, authors determined that KDM5C not only catalyzes demethylation of H3K4me3 but also
binds broadly to chromatin domains characterized by H3K9me3, a transcriptionally suppressive mark
enriched in heterochromatin. At heterochromatic sites, KDM5C forms a complex with SUV39H1,
HP1α, cullin 4 (CUL4) and the complex adaptor protein DDB1, which is required for tri-methylation
of H3K9 for heterochromatin assembly and silencing. When KDM5C mutated, the formation of this
complex is impaired, leading to an unrestrained expression of heterochromatic noncoding RNAs
(hncRNAs), which in turn triggers heterchromatin dysregulation and instability (Figure 5) [147].
Additionally, KDM5C mutated ccRCCs show deregulated expression of ncRNAs and increased
genomic rearrangements compared to those without such mutations [147]. Parallel to this study, the
same group has also suggested that KDM5C functions in DNA replication at early origins independent
of its transcriptional-regulatory role. They have reported that KDM5C dictates the assembly of
the pre-initiation complex, by helping pre-initiation proteins, CDC45 and PCNA, binding to the
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chromatin. The pre-initiation proteins binding to chromatin is achieved through the demethylase
activity of H3K4me3 by KDM5C [148]. Although the whole panel of genes regulated by KDM5C is
unknown, it is likely that KDM5C regulates a large number of genes as H3K4me3 is a common mark
of transcriptional activity throughout the genome. Further investigations combining transcriptome
profiling with high-resolution epigenome mapping in RCC can shed light on molecular mechanisms
by which KDM5C contributes to ccRCC, and may lead to novel therapeutic interventions.

Interestingly, KDM5C and KDM6A, escape the X-inactivation, and have recently been identified
among genes called ‘escape from X-inactivation tumor suppressors’ or EXITS genes [19]. Furthermore,
the homologs of these two genes on chromosome Y, KDM5D and KDM6C, were found to be
down-regulated due to loss of chromosome Y in 40% of male ccRCC patients [149]. Proteins coded
by these Y-linked genes share over 80% of sequence similarly with products of their homologs on
X-chromosome and have similar function, suggesting that their deficiency may contribute to ccRCC
development [149] (Figure 2).Int. J. Mol. Sci. 2017, 18, 1774  11 of 32 

 

 
Figure 5. Functional consequences of KDM6A (or UTX) and KDM5C inactivation. (A) H3K27me3 is a 
suppressive marks associated with PRC target genes. UTX removes methyl groups from H3K27 and 
activates PRC target genes including multiple TSGs. Accordingly, loss of UTX in ccRCC contributes 
to trimethylation of H3K27, leading to inactivation of PRC target genes (e.g., TSGs) [27,144]; (B) 
KDM5C is a histone demethylase (HDM) that remove methyl groups from H3K4me3. H3K4me3 is a 
mark of active transcription and the removal of methyl group(s) by KDM5C results in suppression of 
expression of many genes including HIF target genes. Therefore KDM5C has been suggested to play 
a role in controlling hypoxia-driven gene expression. In addition, demethylation of H3K4me3 by 
KDM5C at heterochromatic sites is required for the recruitment of silencing complex consisted of 
SUV39H1, HP1α, CUL4 and DDB1, which promotes tri-methylation of H3K9 for heterochromatin 
assembly and silencing of heterochromatic non-coding RNAs (hncRNAs). Inactivation of KDM5C in 
ccRCC, leads to the overexpression of genes that contribute to tumorigenesis including hypoxia-
regulated genes, and uncontrolled expression of hncRNAs, which in turn triggers heterochromatin 
dysregulation and genome instability [147]. 

3.1.3. Potential Clinical Significance of Mutations in Histone/Chromatin Modifiers 

Recent studies have revealed complexity of ccRCC genomes, with mutations that are ubiquitous, 
shared and/or private [150]. Ubiquitous mutations are acquired in the early stage of tumorigenesis 
whereas private are those acquired later in the process and shared mutations are in between [114]. 
VHL and PBRM1 mutations have been suggested as ubiquitous while mutations in BAP1 and SETD2 
seem to be private and acquired later in the ccRCC development. Interestingly, in ccRCC, mutations 
in BAP1 and PBRM1 tend to be mutually exclusive [100,122,151]. Moreover, most mutations in SETD2 
and KDM5C also occur in a mutually exclusive manner [28,118]. Generally, if mutations in genes are 
exclusive it indicates that the genes function in the same pathway. However, many studies have 
suggested that BAP1 and PBRM1, function in two different pathways as do SETD2 and KDM5C 
[6,114,121,152]. In fact, BAP1 mutations in tumors are associated with pathological features of 
aggressive disease including high Fuhrman grade [118,122,151,153], metastatic disease at 
presentation, worse cancer specific survival, instantaneous activation of mTOR signaling, and 
activation of pathways implicated in growth factors [118,122,151,153]. Similarly, ccRCC patients with 
KDM5C mutations manifest an aggressive form of the disease [147]. In contrast, in PBRM1 mutated 
tumors, mTOR activation only occurs after a long latency period [95,118,122,151,153]. Moreover, 
results regarding the clinical significance of PBRM1 or SETD2 mutations are conflicting 
[118,122,151,153]. 

Figure 5. Functional consequences of KDM6A (or UTX) and KDM5C inactivation. (A) H3K27me3 is a
suppressive marks associated with PRC target genes. UTX removes methyl groups from H3K27 and
activates PRC target genes including multiple TSGs. Accordingly, loss of UTX in ccRCC contributes to
trimethylation of H3K27, leading to inactivation of PRC target genes (e.g., TSGs) [27,144]; (B) KDM5C
is a histone demethylase (HDM) that remove methyl groups from H3K4me3. H3K4me3 is a mark of
active transcription and the removal of methyl group(s) by KDM5C results in suppression of expression
of many genes including HIF target genes. Therefore KDM5C has been suggested to play a role in
controlling hypoxia-driven gene expression. In addition, demethylation of H3K4me3 by KDM5C
at heterochromatic sites is required for the recruitment of silencing complex consisted of SUV39H1,
HP1α, CUL4 and DDB1, which promotes tri-methylation of H3K9 for heterochromatin assembly and
silencing of heterochromatic non-coding RNAs (hncRNAs). Inactivation of KDM5C in ccRCC, leads
to the overexpression of genes that contribute to tumorigenesis including hypoxia-regulated genes,
and uncontrolled expression of hncRNAs, which in turn triggers heterochromatin dysregulation and
genome instability [147].

3.1.3. Potential Clinical Significance of Mutations in Histone/Chromatin Modifiers

Recent studies have revealed complexity of ccRCC genomes, with mutations that are ubiquitous,
shared and/or private [150]. Ubiquitous mutations are acquired in the early stage of tumorigenesis
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whereas private are those acquired later in the process and shared mutations are in between [114].
VHL and PBRM1 mutations have been suggested as ubiquitous while mutations in BAP1 and SETD2
seem to be private and acquired later in the ccRCC development. Interestingly, in ccRCC, mutations
in BAP1 and PBRM1 tend to be mutually exclusive [100,122,151]. Moreover, most mutations in
SETD2 and KDM5C also occur in a mutually exclusive manner [28,118]. Generally, if mutations
in genes are exclusive it indicates that the genes function in the same pathway. However, many
studies have suggested that BAP1 and PBRM1, function in two different pathways as do SETD2 and
KDM5C [6,114,121,152]. In fact, BAP1 mutations in tumors are associated with pathological features of
aggressive disease including high Fuhrman grade [118,122,151,153], metastatic disease at presentation,
worse cancer specific survival, instantaneous activation of mTOR signaling, and activation of pathways
implicated in growth factors [118,122,151,153]. Similarly, ccRCC patients with KDM5C mutations
manifest an aggressive form of the disease [147]. In contrast, in PBRM1 mutated tumors, mTOR
activation only occurs after a long latency period [95,118,122,151,153]. Moreover, results regarding the
clinical significance of PBRM1 or SETD2 mutations are conflicting [118,122,151,153].

BAP1 and PBRM1 mutations are associated with characteristic and non-overlapping gene
expression signatures, and outcomes for patients with ccRCCs mutated in BAP1 or PBRM1 are
different [118]. As such, BAP1 and PBRM1 mutations have been suggestive of two different molecular
subtypes of ccRCC with different biology and outcomes. On the other hand, interestingly, there
appear to be a positive genetic interaction among PBRM1 and SETD2; a meta-analysis show that the
frequency of SETD2 mutations in ccRCC is twice as high in tumors with PBRM1 mutations [100].
This suggests that a selective pressure to mutate SETD2 may exist in PBRM1-mutated tumors, although
the molecular basis remains unknown. Curiously, however, both BAF180 (encoded by PBRM1) and
SETD2 are involved in epigenetic regulation, one as a reader (BAF180) and the other as a writer
(SETD2) [114,121].

Another study highlighted that the loss of BAP1 and PBRM1 are likely events that are required in
both ccRCC development and progression to metastasis [154]. As such, they showed that status of
BAP1 and PBRM1 protein expression is concordant between patient-matched primary and metastatic
lesions. Moreover, intratumoral heterogeneity in metastatic tumors was minimal at protein expression
of BAP1 and PBRM1. This suggests that results from examining expression of these two proteins
in primary tumors may be applicable to patient-matched metastatic samples. However, additional
studies including larger number of samples are required to verify these findings.

3.1.4. Other Histone Modifications

Acetylation that usually occurs at lysine residues of histones is considered as the most frequent
histone modification [42,155]. Acetylation neutralizes the basic charges on histone tails thereby
reducing their affinity towards DNA. This altering interactions between histones of adjacent
nucleosomes as well as between histones and other regulatory proteins creates new binding
surfaces [92,156,157]. Acetylation usually results in the activation of transcription, and deacetylation is
associated with suppression of gene expression [92,156,157]. Little is known about the dysregulation
of histone marks in ccRCC; however, it has been suggested that histone H3K9 acetylation is reduced
in 85% of the ccRCCs compared to corresponding non-neoplastic tissue [158]. Notably, treatment
with Depsipeptide, a HDAC inhibitor, reduced cell proliferation and induced apoptosis in dose-
and time-dependent manners in RCC cell lines, while increasing H3K9 acetylation, p21(WAF/CIP1)
expression and phosphorylation of Bcl2 [158]. Furthermore, Mosashvilli et al. has reported that total
H3Ac levels were inversely correlated with pT-stage, distant metastasis, Fuhrman grading and RCC
progression. Findings from these studies suggest that elevation of H3 acetylation through treatment
with HDACs may potentially be a therapeutic approach for ccRCC [159]. Wang et al. (2013) showed
that a HAT of the MYST family, MYST1 (also known as hMOF) that acetylates histone H4K16 was
frequently downregulated in 90% (19/21) of ccRCCs. Moreover, the H4K16 acetylation levels were
downregulated correlating with downregulation of hMOF in ccRCC samples [160].
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3.2. DNA Methylation

Precise DNA methylation patterns are crucial for genomic stability, parental imprinting,
and importantly, control of gene expression [161,162]. Abnormalities in methylation patterns can
cause instability and/or altered expression of the genome resulting in tumorigenesis and cancer [34].
Generally, methylation of the DNA occurs at the cytosine bases that are located at 5′ of a guanosine
in human genome [163,164]. When happens at a CpG island, a 500 bp < region of DNA with
a GC content of at least 50%, hypermethylation of CpGs within a promoter causes inactivation or
silencing of TSG. In contrast, hypomethylation of the promoter CpGs of proto-oncogenes causes their
activation [6,35,85,165]. Addition of methyl groups on DNA is carried out by DNA methyltrasferase
(DNMT) 1, DNMT3A and DNMT3B which are highly expressed in cancers [166]. DNMTs and other
methyl-CpG-binding proteins (e.g., MBD2, MBD3 and MeCP2) recruit histone modifiers (e.g., histone
deacetylase and chromatin remodelling complexes) to the methylated promoter region [166–168],
and deacetylates histones 3 and 4 and stimulates chromatin condensation and gene silencing [6,169].
Furthermore, many studies have pointed out the occurrence of CpGs in other genomic regions that
are essential for gene regulation including enhancers, repressors and regulatory regions within gene
body [6,170–174].

Extensive hypermethylation of CpG islands, a pattern known as CpG island methylator phenotype
(CIMP), has been observed in 20% of ccRCC tumors [6,30,175]. CIMP-associated tumors present with
aggressive phenotypes, such as poor overall survival rates and patient outcome, and an elevated
activity of anaerobic glycolysis pathway, which provide energy to tumor cells [176–179].

A spectrum of genes has been identified to be silenced due to promoter hypermethylation in
ccRCC [6,34,35,42,180–182]. These genes are involved in essential cancer-related pathways including
pro-apoptotic genes (e.g., APAF-1, LRRC3B); negative regulators of the cell cycle (e.g., KILLIN,
RASSF1, p16, BTG3); key regulators of Wnt and TGF-β pathways, and DNA mismatch repair genes
(e.g., MSH2) [42]. However, an interesting observation is the methylation-driven dysregulation
of Keap1/Nrf2 pathway in ccRCC. Previous studies have shown that constitutively active Nrf2
pathway, due to loss of Keap1 (Kelch-like erythroid-derived Cap-n-Collar Homology (ECH)-associated
protein-1), results in acute kidney injury, chronic kidney disease, cancer [183,184], and activation
of Phase II enzymes [185]. These activated Phase II enzymes confer neoplastic cells resistance to
radio- and chemotherapies and growth and survival advantages during their transformation and
progression [186]. Although genetic alterations of the Keap1/Nrf2 pathway were reported only in a
small fraction of ccRCCs (6.6%) [132], tumor-specific DNA methylation of the KEAP1 gene promoter
has been detected in 48.6% of the tumors [186]. This abnormal methylation pattern was not observed
in other histological subtypes of RCC. Moreover, they found a direct correlation with mRNA levels
using an in vitro 5-azacytidine treatment. In addition to this, authors analyzed 481 ccRCC TCGA
data sets independently and showed that KEAP1 methylation is associated with tumor staging,
grading and overall survival of patients. These findings were the first to link epigenetic silencing
of KEAP1 promoter to KEAP1 expression changes in ccRCCs and corroborate the driver role of
Keap1/Nrf2 axis deregulation in ccRCC. Several other genes have been identified affected by abnormal
hypermethylation in ccRCC either by analyzing DNA methylation of tumor samples or cell line models
treated with methylation inhibitors such as 5-aza-2-deoxycytidine in combination with gene expression
profiling. Catalogues of aberrantly methylated silenced genes in RCC, their respective function and
expression changes can be found in other publications [6,34,35,42,180–182].

Most of the RCC methylome studies have concentrated on methylation at the promoter
regions; however, it has been argued that epigenetic changes at enhancer regions can also influence
tumorigenesis. In line with this, high-resolution methylation analysis interrogating 1.3 million CpG
loci across the RCC genome has revealed an enrichment of aberrantly hypermethylated loci at
kidney-specific enhancer regions, which are associated with the H3K4me1 mark. More importantly,
an enrichment of hypermethylated regions has been reported for binding sites of AP2a, AHR,
HAIRY, ARNT, and HIF1 transcription factors. Silencing of these factors contributes to dysregulated
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hypoxia signaling pathway in RCC. This finding uncovered a probable link between constitutive
activation of the HIF pathway and widespread epigenetic modifications in RCC [173]. Likewise,
JAG1, was aberrantly hypomethylated in ccRCCs, resulting in overexpression of the JAG1, a ligand
in NOTCH signaling. The loss of DNA methylation on the JAG1 locus coincided with H3K4me1
chromatin modification at the active enhancer region [174]. Using high-resolution assays, additional
studies uncovered that transcribed regions in gene body are highly methylated and the degree of
methylation is positively correlated with level of expression proposing that transcribed region of gene
methylation may be crucial in transcriptional regulation [69,187–191]. As such, additional studies
focusing on other regulatory elements including methylation at gene body, enhancers and repressors
are ongoing [6].

Another form of epigenetic marks that could regulate gene expression is hydroxymethyl cytosine,
which occurs by oxidation of 5 methylated cytosine (5hmC) [192,193]. This process is catalyzed by
a family of methylcytosine dioxygenase ten eleven translocation (TET) proteins (TET1, TET2 and
TET3) [194]. Genome-wide 5hmC levels are suggested to be markedly reduced in ccRCC tissue
compared to adjacent, non-malignant tissue [195]. However, the precise mechanism and role in
tumorigenesis is yet to be determined. Nevertheless, it appears that 5hmC levels could be used as a
potential biomarker for ccRCC [6].

3.3. Long Non-Coding RNA (LncRNA)

Gene expression can be regulated via control of the final protein concentration through
transcriptional and post-transcriptional (but pre-translational) regulation of expression by noncoding
RNAs. Once considered as transcriptional noise, lncRNAs, have attracted much attention during the
past few years as potentially new and crucial layer of biological regulation [196,197]. LncRNAs are
non-protein coding RNAs of more than 200 bps size which are found in every branch of life [197,198].
LncRNAs are of two types; intergenic and intragenic and are expressed in a tissue-specific manner
and many undergo through 5′ end capping and 3′ end polyadenylation similar to mRNAs [35].
LncRNAs have been implicated in a range of developmental processes (reviewed in Refs. [199,200])
and diseases including cancer, but knowledge about their mechanism of action is still at its
infancy [196]. In cancer, overexpression, downregulation or mutation of lncRNA genes has been
observed (reviewed in Ref. [201]). In RCC, deregulation of several lncRNAs have been reported with
potential impacts on RNA-protein interaction networks that function in splicing, transport, localization,
and processing of RNA [202]. However, an oncogenic or tumor suppressor activity has only been
validated for a few of these lncRNAs, as we will discuss below (Table 1) [202–204].

3.3.1. Oncogenic LncRNA in RCC

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), is located on chromosome
11q13, and is one of the most studied lncRNA that is expressed constitutively in normal tissues [35,205].
In multiple cancers such as non-small cell lung carcinoma, hepatocellular carcinoma, lung cancer,
cervical cancer, pancreatic carcinoma as well as ccRCC, MALAT1 is overexpressed and acts as an
oncogene [35,205,206] by enhancing cell growth, tumorigenesis and metastasis through modulation
of ERK/MAPK pathway [35,207]. The expression level of MALAT1 was higher in ccRCC tissues
compared to adjacent non-tumor tissues, and knocking down MALAT1 expression decreased ccRCC
proliferation, migration and invasion, supporting its involvement in ccRCC tumorigenesis, as reported
recently [206,208,209].

HOX transcript antisense RNA (HOTAIR) is another well-studied lncRNA, which acts as an
oncogene and interacts with EZH2, a subunit of PRC2. PRC2 is a HMT that trimethylates H3K27
resulting in silencing of various TSGs involved in cancer progression of many cancers such as
breast, gastric, colorectal, and cervical cancer cells [35,208]. HOTAIR functions as a scaffold for
the assembly and targeting of PRC2 and LSD1/CoREST/REST complexes to the HOXD locus thereby
the transcription through modulating H3K27 methylation and H3K4 demethylation [210,211]. In fact,
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HOTAIR physically interacts with PRC2 and LSD1 complexes via its 5′ and 3′ domains [205,206]. The
knockdown of HOTAIR can inhibit proliferation, migration, and invasion of cancer cells. Increased
expression of HOTAIR in RCC has been reported, and inhibition of HOTAIR expression has been
shown to decrease cell proliferation and invasion in vitro and to suppress growth of xenograft RCC
tumors in vivo [207,212]. Furthermore, HOTAIR suppression via siRNA induced cell cycle arrest at the
G0/G1 phase and resulted in weakening of the recruitment and binding abilities of EZH2. Likewise,
the silencing of HOTAIR and the associated changes in H3K27 methylation activated transcriptional
state of cell cycle-related genes [201]. HOTAIR has recently been implicated in the metastasis of RCC.
This function has been connected to a dual regulatory role of HOTAIR on chromatin state at different
genomic loci. Xia et al. showed that suppression of HOTAIR by siRNAs induced expression of EZH2
target gene PCDHB5, and simultaneously reduced expression of histone demethylase JMJD3 and its
target gene Snai1 [213].

H19 is located at the Igf2/H19 imprinted gene cluster at the telomeric end of chromosome 11,
and encodes a maternally imprinted lncRNA. H19 is completely repressed in most human tissues
and only expressed during the embryonic period [214–216]. HIF1α has been shown to trigger
H19 expression under hypoxia. H19 is involved in mesenchymal-to-epithelial transition (MET)
and EMT by influencing the function of EZH2, β-catenin and E-cadherin [216]. Overexpression
of H19 has been observed in many cancers including breast, bladder, ovarian and gastric cancer
and RCC [208,216]. KO of H19 reduced proliferation, migration and invasion thereby reducing
tumorigenesis of ccRCC [217]. Higher expression of H19 is associated with significantly shorter overall
survival (OS) [208].

SPRY4 intronic transcript 1 (SPRY4-IT1) gene, located on chromosome 5, specifically, in the second
intron of the SPRY4 gene, produces a lncRNA, which is proposed to be involved in cell growth and
apoptosis [218]. SPRY4-IT1 acts as an oncogene and was found to be elevated significantly in several
types of cancers including ccRCC [219,220]. Suppression of this lncRNA resulted in inhibition of
proliferation and invasion, and elevated rates of apoptosis [218,221]. Furthermore, it has also been
shown to play a role in EMT by regulating E-cadherin and vimentin expression in glioma [222]. Higher
expression levels of SPRY4-IT1 were associated with histological grade, tumor stage, distant metastasis
and poorer OS in ccRCC [219].

Recently, another lncRNA, long intergenic non-coding RNA 152 (LINC00152), was found to be
up-regulated in RCC tissues [223]. Expression of LINC00152 was found to be positively correlated with
lymph node metastasis, higher TNM stage, and poor OS in RCC patients. Inhibition of LICN00152
reduced cell proliferation. Interestingly, LINC00152 was found to bind EZH2, LSD1 and methylated
histone H3 at lysine 27 (H3K27me3) and epigenetically suppressed expression of TSG p16 [223].
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Table 1. Newly identified lncRNAs along with their location, expression and abnormal function in ccRCC. EGF, embryonic growth factor; EMT, epithelial-mesenchymal
transition; MET, mesenchymal–epithelial transition; TSG, tumor suppressor gene; LSD1, lysine (K)-specific demethylase 1A (LSD1) or KDM1A; Ch, Chromosome.

Name Location Expression Levels Effect on Tumor Abnormal Function in ccRCC

MALAT1 Ch 11 Up regulated Oncogene PRC2 control. Activating ERK/MAPK pathway to cause tumorigenesis. Also
involved in EMT transition via E-cadherin recovery and β-catenin downregulation

HOTAIR Ch 12 Up regulated Oncogene

PRC2 control. Plays a dual regulatory role in chromatin state by affecting both
histone methylation, via elevating EZH2 (of PCR2) target gene PCDHB5 levels,
and demethylation, via downregulating demethylase JMJD3 and its target gene
Snai1 expression

H19 Ch 11 Up regulated Oncogene EGF involved in MET and EMT by influencing the function of EZH2, β-catenin
and E-cadherin

SPRY4-IT1 Ch 5, second intron
of SPRY4 Up regulated Oncogene Inhibition of MAPK pathway and a role in EMT by regulating E-cadherin and

vimentin expression

LINC00152 Ch 2 Up regulated Oncogene Binds EZH2, LSD1 and H3K27me3. Promotes tumorigenesis by epigenetically
repressing p16 expression

MEG3 Ch 14 Down regulated Tumor suppressor Stimulation of apoptosis, acts as TSG via activation of p53

GAS5 Ch 1 Down regulated Tumor suppressor Stimulation of apoptosis via p53 and cIAP2 and inhibition of cell proliferation via
p21, CDK6 and cyclin D1

CADM1-AS1 Ch 11, antisense of
the exon of CADM1 Down regulated Tumor suppressor Cell to cell interaction, regulates cell cycle, apoptosis and differentiation. Higher

levels in ccRCC reduces migration and tumor growth rates.

lnc-BMP2-2, lnc-CPN2-1,
lnc-FZD1-2, lnc-ITPR2-3,

lnc-SLC30A4-1, & lnc-SPAM1-6
- Up regulated -

RNA-protein networks that function in splicing, transport, localization and
processing of RNA.lnc-ACACA-1, lnc-FOXG1-2,

lnc-LCP2-2, lnc-RP3-368B9,
& lnc-TTC34-3

- Down regulated -
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3.3.2. Tumor Suppressive LncRNAs in RCC

LncRNAs could potentially have tumor suppressive roles. LncRNA maternally expressed
gene 3 (MEG3 or Glt2), located on chromosome 14, is ubiquitously expressed and stimulates many
physiological functions in human embryonic stem cell and mature human tissue. These functions
are related to neurogenesis and insulin synthesis [208,224–226]. Furthermore, it acts as TSG via
activation of p53 in several human cancers such as lung cancer and glioma [227–229]. In RCC, it is
markedly downregulated in vivo and in vitro [230]. Re-expression of MEG3 in RCC cells have shown
to elevate apoptosis via activation of the intrinsic mitochondrial pathway [230]. However, there is no
information about possible associations of MEG3 expression levels with clinic-pathological parameters
in RCC [208].

The Growth Arrest Specific 5 (GAS5) gene is located on chromosome 1 and is involved in p53-
and Baculoviral IAP repeat-containing protein 3 (cIAP2)-dependent apoptosis. It also inhibits cell
proliferation through p21, CDK6 and cyclin D1 [231–233]. GAS5 is downregulated, acts as a TSG in
RCC and suppresses proliferation, invasion and migration of ccRCC cells [232]; however, no correlation
between GAS5 levels and clinicopathological parameters of RCC has been reported [35,208].

LncRNA Cell adhesion molecule 1 antisense transcript 1 (CADM1-AS1) gene is located at
the chromosome 11, precisely, at the antisense direction of the exon coding for CADM1. CADM1
encodes a membrane protein required for cell-to-cell interactions, regulates cell cycle, apoptosis and
differentiation [234] and acts as TSG in several types of cancers [235]. CADM-AS1 levels were found
to be lower in ccRCC samples than normal tissues, and lower expression levels were significantly
associated with worse OS and advanced clinical stage. CADM1-AS1 expression in ccRCC cells resulted
in lower migration and apoptosis and growth rates [234].

The above-mentioned lncRNAs are a few examples of potential oncogenic or tumor suppressive
lncRNAs in RCC; however, the majority of them need further validation by independent studies that
characterize their function with further details [35,208].

4. Epigenetic Therapy for RCC

4.1. Histone Deacetylase (HDACs) Inhibitors

Generally, many cancers show overexpression of HDACs and a genome-wide reduction of histone
acetylation, which is associated with reduced expression of genes including key TSGs [236,237]. In fact,
HDAC-1 and -2, are overexpressed in 50% of RCC cases and are suggested to silence essential TSG.
Thus, several studies are being carried out to verify the efficacy of some HDAC inhibitors (e.g., valproic
acid) for their anti-tumor activity in RCC [238,239].

Touma et al. has shown that the combination of HDAC inhibitors (class of hydroxamic acids),
retinoic acid and trichostatin A (TSA), reduced proliferation of human RCC cell lines in vitro and
inhibited tumor growth while increasing apoptosis in a xenograft model in vivo [240]. Tumor growth
inhibitory effect was through the enhancement of retinoic acid pathway and was stronger when
compared to monotherapy with either of HDAC inhibitor or 13-cis-retinoic acid (CRA) alone. Treatment
with MS-275, a benzamine derivative HDAC inhibitor, in combination with CRA showed stronger
reduction of tumor growth compared to single monotherapy with either of the drugs [241]. In addition,
two interesting observations were made during the study: firstly; treatment withdrawal caused tumor
reoccurrence compared to continuously-treated mice, hence confirming the treatment effect; and
secondly, an induction of retinoic acid receptor β2 (RARβ2) was observed, suggesting that HDAC
inhibitors might reverse retinoid resistance.

EMT is one of the key features that occurs during tumorigenesis of ccRCC and other cancers.
One study showed that treatment with TSA prevents TGF-β1-induced EMT in cultured human
renal proximal tubular epithelial cells [242]. TGF-β1 co-treatment with TSA significantly prevented
TGF-β1-induced downregulation of E-cadherin and upregulation of collagen type I [242], suggesting
that HDAC inhibitors may potentially be used in therapeutic approaches against EMT in ccRCC.
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HDACs can, in part, regulate cell cycle and apoptosis through their effects on pRB and p53 [243].
Hence, HDACs inhibitor (e.g., LBH589), when used in combination with rapamycin (an mTORC1
inhibitor), showed significant suppression of tumor growth and angiogenesis in vitro and in vivo in
RCC cell lines and xenografts [243]. Another study showed upregulation of p53 and VHL expression
and downregulated HIF1α and VEGF using TSA [244]. TSA also showed anti-angiogenesis effects
in vitro and in vivo. Moreover, the two previous studies have shown that the HDACs inhibitors
destabilize and reduce HIF1α levels via proteasomal degradation as proposed by Jeong et al. [245].
Initially, this effect was thought to be regulated by hyperacetylation and increased expression of VHL
and p53 [244]. However, same effect was observed in VHL−/− RCC and p53−/− cell lines suggesting
that the observed proteasomal degradation of HIF1α is independent of VHL and p53 and does not
require the ubiquitin system [246].

Another HDAC inhibitor, panobinostat (hydroxamic acid class), has been reported to decrease
hypoxia-induced cisplatin resistance in lung cancer cells by promoting HIFα destabilization [247].
These findings suggest that application of HDAC inhibitors in VHL deficient ccRCC could potentially
render tumors chemosensitive by HIFα destabilization countering the resistance that exists in ccRCC
currently. Interestingly, ritonavir, a HIV protease inhibitor, has been reported to act synergistically
with panobinostat to increase histone acetylation and inhibit RCC growth in xenografts [248].

Despite these promising results from preclinical studies, outcomes of clinical trials of
HDAC inhibitors were not interesting due to very low response rates and severe adverse
effects [238,239,249,250], suggesting that monotherapy with these drugs do not improve patients
outcome. Considering combinational therapy, vorinostat, (a hydroxamic acid class HDAC inhibitor)
synergized with the anticancer activity of temsirolimus (inhibitor of mTOR pathway), both in a panel of
RCC cell lines in vitro and in two xenograft models in vivo [251]. As such, cell viability and clonogenic
survival was reduced while apoptosis was increased in the in vitro models. Moreover, tumor burden
and angiogenesis was reduced markedly due to a decrease in HIF2α expression and vessel density
in vivo. In addition, combination treatment resulted in a potent of survivin, concomitant to the
induction of apoptosis and reduced proliferation of tumor cells [251].

A unique study used combination of a HDAC inhibitor, romidepsin, and a methyltransferase
inhibitor, decitabine, to test their anti-cancerous activity on stage IV ccRCC and triple-negative breast
cancer (TNBC) cell lines [252]. Stage IV ccRCC and TNBC are metastatic solid tumors that are
aggressive and mostly drug resistant. Combination of romidepsin and decitabine showed synergistic
effects on the inhibition of cell growth and induction of apoptosis above levels of monotherapy of each
drug. This synergistic effect was due to reexpression of a TSG called secreted frizzled-related protein
one (sFRP1). This study showed that combinatorial treatment with romidepsin and decitabine in drug
resistant tumors is a promising treatment strategy for advanced ccRCC and TNBC [252].

Deleterious BAP1 mutations are associated with deficiency in melanocytic differentiation in uveal
melanoma (UM) and cancer metastasis. Landreville et al. [130] reported that treatment of cultured UM
cells with HDAC inhibitor VPA induces differentiation, cell-cycle arrest, and a switch to a differentiated
gene expression profile characteristic of melanocytes. Furthermore treatment with VPA showed an
anti-growth effect on UM tumors in vivo. Moreover, RNAi-mediated knockdown of BAP1 in UM cells
induced a marked increase in H2A ubiquitination and treatment with VPA resulted in a substantial
reduction of histone H2A ubiquitination levels in BAP1-deficient cells. Thus, HDACs inhibitors might
be effective for treatment of RCC in patients with BAP1 mutations as they might have the ability to
reverse H2A ubiquitylation, which is associated with BAP1 mutated ccRCC [130]. Taken together,
these results suggest that combined treatment approaches involving HDAC inhibitors and current
available targeted therapies might be promising to be considered in the future clinical trials.

4.2. Histone Methyltransferases (HMTs) and Histone Demethylases (HDMTs) Inhibitors

EZH2 is the core catalytic subunit of PRC2 that acts as a HMT by trimethylating H3K27, which
is involved in silencing of several TSGs. Silencing of EZH2 by its inhibitor S-adenosylhomocysteine
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hydrolase inhibitor 3-Deazaneplanocin A (DZNep) significantly inhibited migration and invasion of
RCC cell lines while up-regulating the expression of E-cadherin in vitro. Also, DZNep inhibited tumor
growth, and prolonged survival in xenograft models of RCC [253–255].

As mentioned above, SETD2 (a HMT) is required for H3K36 trimethylation and this H3K36me3 is
frequently lost in SETD2-mutated ccRCC. Importantly, H3K36me3 facilitates the expression of RRM2,
a ribonucleotide reductase subunit essential for production of dNTPs. Notably, RRM2 is also regulated
by a second pathway in which CDK promotes RRM2 degradation. The activity of CDK is controlled by
WEE1, and upon WEE1 inhibition, hyperactive CDK promotes RRM2 degradation. Hence, concomitant
deficiency of H3K36me3 and inhibition of WEE1 results in lower amounts of RRM2, which triggers
unscheduled mitotic entry leading to loss of genome integrity, which in turn results in replication
stress and aberrant origin firing leading to cell cycle arrest and apoptosis [256]. This concept has
been validated and used by Pfister et al. to design a synthetic lethal approach for H3K36me-deficient
tumors. They showed that a WEE1 inhibitor (AZD1775) reduced size of SETD2-deficient (or H3K36me3
deficient) tumors in xenograft mouse models highlighting the promising effect of targeting SETD2
mutated/H3K36me3 deficient tumors cells by WEE1 inhibitors [256].

4.3. DNA Methyltransferases (DNMT) Inhibitors

Numerous genes and pathways related to ccRCC are deregulated due to promoter
hypermethylation. Demethylating agents or DNMT inhibitors (e.g., decitabine or azacitidine) have
shown to reduce methylation at global genomic level including gene promoters [6], suggesting that
reversing abnormal promoter methylation could be a potential therapeutic strategy. Treatments with
DNA methylation inhibitors have shown promising results for haematological neoplasia such as acute
myeloid leukaemia and chronic myelomonocytic leukaemia [257]. Likewise, treatment with azacitidine
has suppressed cell proliferation in all 15 RCC cell lines tested in a recent study [258]. Moreover,
decitabine has been shown to inhibit the growth of a human metastatic RCC cell line in a xenograft
model, by restoring connexin 32 (Cx32) gene expression [259]. Despite these potentially interesting
observations, no large-scale trial for treatment of RCC with DNA methylation inhibitors is currently
underway [6].

5. Conclusions and Emerging Concepts

The fact that mutations in histone modifying and chromatin remodeler genes (such as PBRM1,
BAP1, SETD2, KDM5C and KDM6A) are frequent in RCC, and that the products of these genes can
regulate multiple signaling pathways (e.g., mTOR, p53 and pRB–E2F), highlight the driving roles
of genomic abnormalities in RCC. This has well been documented with predisposition to RCC in
families with germline mutations in PBRM1 and BAP1. Likewise, emerging data propose a possible
role for mutations of the X-linked epigenome modifier genes KDM5C and KDM6A in predominance of
RCC in male patients [18,19,149,260,261]. KDM5C and KDM6A are among the six EXITS genes with a
significantly higher frequency of mutations in tumors (including ccRCC) of male patients than those
from female patients [18,19,260]. As these genes escape X-inactivation, males would require only a
single deleterious mutation whereas females would require two mutations for the complete loss of
proteins coded by these genes. Therefore, mutations of these genes may explain, at least in part, a
fraction of higher incidence of RCC in males. Further investigations involving functional experiments
are needed to examine these possibilities, and to screen additional TGS genes on sex chromosome that
may be involved in the sex-biased prevalence of RCC.

The widespread alterations of epigenetic patterns in RCC may open a new avenue for
development of novel therapies involving epigenetic machineries. Intriguingly, drugs targeting the
epigenetic system are either in clinical use or in clinical trials for different cancers; however, strategies
that combine these novel epigenetic therapies with conventional therapies for RCC, i.e., those targeting
angiogenesis or the mTOR pathway, are still at infancy. Although there is a possibility of increased
adverse effects associated with combination therapy, carefully choosing specific combinations based
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on genomic profiles of tumors can reduce this risk, and may provide a solution to overcome therapy
resistance in RCC patients. Supporting this, Hsieh et al. have reported that patients with KDM5C
mutated tumors experience a prolonged response to sunitinib treatment as KDM5C mutations were
associated with longer first-line progression free survival [262]. While promising, additional genomic
studies involving large number of samples are required to validate these associations. Given the fast
advancements in epigenome mapping technologies, we expect that in the near future, high-resolution
epigenome landscapes of tumors as well as experimental models perturbed for epigenome modifiers
will generate invaluable information about their mechanisms of action. Similarly, approaches that can
investigate chromatin accessibility alterations without using information about DNA methylation or
histone marks, as described by Becket et al. [263], could uncover novel regulators of epigenetic and
gene expression patterns [263].
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patients harbor the mutational signature of carcinogenic aristolochic acid. Int. J. Cancer 2017, 136, 2967–2972.
[CrossRef] [PubMed]

18. Scelo, G.; Riazalhosseini, Y.; Greger, L.; Letourneau, L.; Gonzalez-Porta, M.; Wozniak, M.B.; Bourgey, M.;
Harnden, P.; Egevad, L.; Jackson, S.M.; et al. Variation in genomic landscape of clear cell renal cell carcinoma
across Europe. Nat. Commun. 2014, 5, 5135. [CrossRef] [PubMed]

19. Dunford, A.; Weinstock, D.M.; Savova, V.; Schumacher, S.E.; Cleary, J.P.; Yoda, A.; Sullivan, T.J.; Hess, J.M.;
Gimelbrant, A.A.; Beroukhim, R.; et al. Tumor-suppressor genes that escape from X-inactivation contribute
to cancer sex bias. Nat. Genet. 2016, 49, 10–16. [CrossRef] [PubMed]

20. Capitanio, U.; Montorsi, F. Renal cancer. Lancet 2016, 387, 894–906. [CrossRef]
21. Edgren, G.; Liang, L.; Adami, H.O.; Chang, E.T. Enigmatic sex disparities in cancer incidence.

Eur. J. Epidemiol. 2012, 27, 187–196. [CrossRef] [PubMed]
22. Levi, F.; Ferlay, J.; Galeone, C.; Lucchini, F.; Negri, E. The changing pattern of kidney cancer incidence and

mortality in Europe. BJU Int. 2017, 101, 949–958. [CrossRef] [PubMed]
23. Frew, I.J.; Moch, H.A. Clearer view of the molecular complexity of clear cell renal cell carcinoma. Annu. Rev.

Pathol. Mech. Dis. 2015, 10, 263–289. [CrossRef] [PubMed]
24. Pantuck, A.J.; An, J.; Liu, H.; Rettig, M.B. NF-κB-Dependent Plasticity of the Epithelial to Mesenchymal

Transition Induced by Von Hippel-Lindau Inactivation in Renal Cell Carcinomas. Cancer Res. 2010, 70,
752–761. [CrossRef] [PubMed]

25. Drucker, B.J. Renal cell carcinoma: Current status and future prospects. Cancer Treat. Rev. 2005, 31, 536–545.
[CrossRef] [PubMed]

26. Scélo, G.; Brennan, P. The epidemiology of bladder and kidney cancer. Nat. Clinic. Pract. Urol. 2007, 4,
205–217. [CrossRef] [PubMed]

27. Haaften, G.v.; Dalgliesh, G.L.; Davies, H.; Chen, L.; Bignell, G.; Greenman, C.; Edkins, S.; Hardy, C.;
O’Meara, S.; Teague, J.; et al. Somatic mutations of the histone H3K27 demethylase gene UTX in human
cancer. Nat. Genet. 2009, 41, 521–523. [CrossRef] [PubMed]

28. Dalgliesh, G.L.; Furge, K.; Greenman, C.; Chen, L.; Bignell, G.; Butler, A.; Davies, H.; Edkins, S.; Hardy, C.;
Latimer, C.; et al. Systematic sequencing of renal carcinoma reveals inactivation of histone modifying genes.
Nature 2010, 463, 360–363. [CrossRef] [PubMed]

29. Varela, I.; Tarpey, P.; Raine, K.; Huang, D.; Ong, C.K.; Stephens, P.; Davies, H.; Jones, D.; Lin, M.L.;
Teague, J.; et al. Exome sequencing identifies frequent mutation of the SWI/SNF complex gene PBRM1
in renal carcinoma. Nature 2011, 469, 539–542. [CrossRef] [PubMed]

30. Cancer Genome Atlas Research Network. Comprehensive molecular characterization of clear cell renal cell
carcinoma. Nature 2013, 499, 43–49. [CrossRef] [PubMed]

31. Linehan, W.M.; Spellman, P.T.; Ricketts, C.J.; Creighton, C.J.; Fei, S.S.; Davis, C.; Wheeler, D.A.; Murray, B.A.;
Schmidt, L.; Vocke, C.D.; et al. Comprehensive Molecular Characterization of Papillary Renal-Cell Carcinoma.
N. Engl. J. Med. 2016, 374, 135–145. [PubMed]

32. Sharma, S.; Kelly, T.K.; Jones, P.A. Epigenetics in cancer. Carcinogenesis 2010, 31, 27–36. [CrossRef] [PubMed]
33. Handy, D.E.; Castro, R.; Loscalzo, J. Epigenetic Modifications: Basic Mechanisms and Role in Cardiovascular

Disease. Circulation 2011, 123, 2145–2156. [CrossRef] [PubMed]
34. Rydzanicz, M.; Wrzesinski, T.; Bluyssen, H.A.; Wesoly, J. Genomics and epigenomics of clear cell renal cell

carcinoma: Recent developments and potential applications. Cancer Lett. 2013, 341, 111–126. [CrossRef]
[PubMed]

35. Xing, T.; He, H. Epigenomics of clear cell renal cell carcinoma: Mechanisms and potential use in molecular
pathology. Chin. J. Cancer Res. 2016, 28, 80–91. [PubMed]

36. Forbes, S.A.; Beare, D.; Gunasekaran, P.; Leung, K.; Bindal, N. COSMIC: Exploring the world's knowledge of
somatic mutations in human cancer. Nucl. Acids Res. 2015, 43, D805–D811. [CrossRef] [PubMed]

37. Latif, F.; Tory, K.; Gnarra, J.; Yao, M.; Duh, F.; Orcutt, M.; Stackhouse, T.; Kuzmin, I.; Modi, W.; Geil, L.; et al.
Identification of the von Hippel-Lindau disease tumor suppressor gene. Science 1993, 260, 1317–1320.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/ajim.10185
http://www.ncbi.nlm.nih.gov/pubmed/12594774
http://dx.doi.org/10.1002/ijc.29338
http://www.ncbi.nlm.nih.gov/pubmed/25403517
http://dx.doi.org/10.1038/ncomms6135
http://www.ncbi.nlm.nih.gov/pubmed/25351205
http://dx.doi.org/10.1038/ng.3726
http://www.ncbi.nlm.nih.gov/pubmed/27869828
http://dx.doi.org/10.1016/S0140-6736(15)00046-X
http://dx.doi.org/10.1007/s10654-011-9647-5
http://www.ncbi.nlm.nih.gov/pubmed/22212865
http://dx.doi.org/10.1111/j.1464-410X.2008.07451.x
http://www.ncbi.nlm.nih.gov/pubmed/18241251
http://dx.doi.org/10.1146/annurev-pathol-012414-040306
http://www.ncbi.nlm.nih.gov/pubmed/25387056
http://dx.doi.org/10.1158/0008-5472.CAN-09-2211
http://www.ncbi.nlm.nih.gov/pubmed/20068166
http://dx.doi.org/10.1016/j.ctrv.2005.07.009
http://www.ncbi.nlm.nih.gov/pubmed/16236454
http://dx.doi.org/10.1038/ncpuro0760
http://www.ncbi.nlm.nih.gov/pubmed/17415353
http://dx.doi.org/10.1038/ng.349
http://www.ncbi.nlm.nih.gov/pubmed/19330029
http://dx.doi.org/10.1038/nature08672
http://www.ncbi.nlm.nih.gov/pubmed/20054297
http://dx.doi.org/10.1038/nature09639
http://www.ncbi.nlm.nih.gov/pubmed/21248752
http://dx.doi.org/10.1038/nature12222
http://www.ncbi.nlm.nih.gov/pubmed/3771322
http://www.ncbi.nlm.nih.gov/pubmed/26536169
http://dx.doi.org/10.1093/carcin/bgp220
http://www.ncbi.nlm.nih.gov/pubmed/19752007
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.956839
http://www.ncbi.nlm.nih.gov/pubmed/21576679
http://dx.doi.org/10.1016/j.canlet.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/23933176
http://www.ncbi.nlm.nih.gov/pubmed/27041930
http://dx.doi.org/10.1093/nar/gku1075
http://www.ncbi.nlm.nih.gov/pubmed/25355519
http://dx.doi.org/10.1126/science.8493574
http://www.ncbi.nlm.nih.gov/pubmed/8493574


Int. J. Mol. Sci. 2017, 18, 1774 22 of 33

38. Kaelin, W.G. Molecular basis of the VHL hereditary cancer syndrome. Nat. Rev. Cancer 2002, 2, 673–682.
[CrossRef] [PubMed]

39. Kaelin, W.G., Jr.; Maher, E.R. The VHL tumour-suppressor gene paradigm. Trends Genet. 1998, 14, 423–426.
[CrossRef]

40. Cho, H.; Du, X.; Rizzi, J.P.; Liberzon, E.; Chakraborty, A.A.; Gao, W.; Carvo, I.; Signoretti, S.; Bruick, R.K.;
Josey, J.A.; et al. On-target efficacy of a HIF-2α antagonist in preclinical kidney cancer models. Nature 2016,
539, 107–111. [CrossRef] [PubMed]

41. Cho, H.; Kaelin, W.G. Targeting HIF2 in Clear Cell Renal Cell Carcinoma. Cold Spring Harb. Symp. Quant. Biol.
2016, 111, 117–123. [CrossRef] [PubMed]

42. Shenoy, N.; Pagliaro, L. Sequential pathogenesis of metastatic VHL mutant clear cell renal cell carcinoma:
Putting it together with a translational perspective. Ann. Oncol. 2017, 27, 1685–1695. [CrossRef] [PubMed]

43. Herman, J.G.; Latif, F.; Weng, Y.; Lerman, M.I.; Zbar, B.; Liu, S.; Samid, D.; Duan, D.S.; Gnarra, J.R.;
Linehan, W.M. Silencing of the VHL tumor-suppressor gene by DNA methylation in renal carcinoma.
Proc. Nat. Acad. Sci. USA 1994, 91, 9700–9704. [CrossRef] [PubMed]

44. Chen, F.; Kishida, T.; Yao, M.; Hustad, T.; Glavac, D.; Dean, M.; Gnarra, J.R.; Orcutt, M.L.; Duh, F.M.;
Glenn, G.; et al. Germline mutations in the von Hippel-Lindau disease tumor suppressor gene: Correlations
with phenotype. Hum. Mutat. 1995, 5, 66–75. [CrossRef] [PubMed]

45. Vortmeyer, A.O.; Huang, S.C.; Pack, S.D.; Koch, C.A.; Lubensky, I.A.; Oldfield, E.H.; Zhuang, Z. Somatic
point mutation of the wild-type allele detected in tumors of patients with VHL germline deletion. Oncogene
2002, 21, 1167–1170. [CrossRef] [PubMed]

46. Foster, K.; Crossey, P.A.; Cairns, P.; Hetherington, J.W.; Richards, F.M.; Jones, M.H.; Bentley, E.; Affara, N.A.;
Ferguson-Smith, M.A.; Maher, E.R. Molecular genetic investigation of sporadic renal cell carcinoma: Analysis
of allele loss on chromosomes 3p, 5q, 11p, 17 and 22. Br. J. Cancer 1994, 69, 230–234. [CrossRef] [PubMed]

47. Kaelin, W.G. Von Hippel-Lindau disease. Annu. Rev. Pathol. 2007, 2, 145–173. [CrossRef] [PubMed]
48. Maher, E.R. Genomics and epigenomics of renal cell carcinoma. Semin. Cancer Biol. 2013, 23, 10–17. [CrossRef]

[PubMed]
49. Gnarra, J.R.; Tory, K.; Weng, Y.; Schmidt, L.; Wei, M.H.; Li, H.; Latif, F.; Liu, S.; Chen, F.; Duh, F.-M.; et al.

Mutations of the VHL tumour suppressor gene in renal carcinoma. Nat. Genet. 1994, 7, 85–90. [CrossRef]
[PubMed]

50. Shen, C.; Kaelin, W.G. The VHL/HIF Axis in Clear Cell Renal Carcinoma. Semin. Cancer Biol. 2013, 23, 18–25.
[CrossRef] [PubMed]

51. Banks, R.E.; Banks, R.E.; Tirukonda, P.; Taylor, C.; Hornigold, N.; Astuti, D.; Cohen, D.; Maher, E.R.;
Stanley, A.J.; Harnden, P.; et al. Genetic and epigenetic analysis of von Hippel-Lindau (VHL) gene alterations
and relationship with clinical variables in sporadic renal cancer. Cancer Res. 2006, 66, 2000–2011. [CrossRef]
[PubMed]

52. Blankenship, C.; Blankenship, C.; Naglich, J.G.; Whaley, J.M.; Seizinger, B.; Kley, N. Alternate choice of
initiation codon produces a biologically active product of the von Hippel Lindau gene with tumor suppressor
activity. Oncogene 1999, 18, 1529–1535. [CrossRef] [PubMed]

53. Schoenfeld, A.; Davidowitz, E.J.; Burk, R.D. A second major native von Hippel-Lindau gene product,
initiated from an internal translation start site, functions as a tumor suppressor. Proc. Natl. Acad. Sci. USA
1998, 95, 8817–8822. [CrossRef] [PubMed]

54. Iliopoulos, O.; Ohh, M.; Kaelin, W.G., Jr. pVHL19 is a biologically active product of the von Hippel-Lindau
gene arising from internal translation initiation. Proc. Natl. Acad. Sci. USA 1998, 95, 11661–11666. [CrossRef]
[PubMed]

55. Nickerson, M.L.; Jaeger, E.; Shi, Y.; Durocher, J.A.; Mahurkar, S.; Zaridze, D.; Matveev, V.; Janout, V.;
Kollarova, H.; Bencko, V.; et al. Improved Identification of von Hippel-Lindau Gene Alterations in Clear Cell
Renal Tumors. Clin. Cancer Res. 2008, 14, 4726–4734. [CrossRef] [PubMed]

56. Moore, L.E.; Nickerson, M.L.; Brennan, P.; Toro, J.R.; Jaeger, E.; Rinsky, J.; Han, S.S.; Zaridze, D.; Matveev, V.;
Janout, V.; et al. Von Hippel-Lindau (VHL) inactivation in sporadic clear cell renal cancer: Associations
with germline VHL polymorphisms and etiologic risk factors. PLoS Genet. 2011, 7, e1002312. [CrossRef]
[PubMed]

57. Gossage, L.; Eisen, T.; Maher, E.R. VHL, the story of a tumour suppressor gene. Nat. Rev. Cancer 2014, 15,
55–64. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrc885
http://www.ncbi.nlm.nih.gov/pubmed/12209156
http://dx.doi.org/10.1016/S0168-9525(98)01558-3
http://dx.doi.org/10.1038/nature19795
http://www.ncbi.nlm.nih.gov/pubmed/27595393
http://dx.doi.org/10.1101/sqb.2016.81.030833
http://www.ncbi.nlm.nih.gov/pubmed/27932568
http://dx.doi.org/10.1093/annonc/mdw241
http://www.ncbi.nlm.nih.gov/pubmed/27329246
http://dx.doi.org/10.1073/pnas.91.21.9700
http://www.ncbi.nlm.nih.gov/pubmed/7937876
http://dx.doi.org/10.1002/humu.1380050109
http://www.ncbi.nlm.nih.gov/pubmed/7728151
http://dx.doi.org/10.1038/sj.onc.1205121
http://www.ncbi.nlm.nih.gov/pubmed/11850836
http://dx.doi.org/10.1038/bjc.1994.44
http://www.ncbi.nlm.nih.gov/pubmed/8297719
http://dx.doi.org/10.1146/annurev.pathol.2.010506.092049
http://www.ncbi.nlm.nih.gov/pubmed/18039096
http://dx.doi.org/10.1016/j.semcancer.2012.06.003
http://www.ncbi.nlm.nih.gov/pubmed/22750267
http://dx.doi.org/10.1038/ng0594-85
http://www.ncbi.nlm.nih.gov/pubmed/7915601
http://dx.doi.org/10.1016/j.semcancer.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22705278
http://dx.doi.org/10.1158/0008-5472.CAN-05-3074
http://www.ncbi.nlm.nih.gov/pubmed/16488999
http://dx.doi.org/10.1038/sj.onc.1202473
http://www.ncbi.nlm.nih.gov/pubmed/10102622
http://dx.doi.org/10.1073/pnas.95.15.8817
http://www.ncbi.nlm.nih.gov/pubmed/9671762
http://dx.doi.org/10.1073/pnas.95.20.11661
http://www.ncbi.nlm.nih.gov/pubmed/9751722
http://dx.doi.org/10.1158/1078-0432.CCR-07-4921
http://www.ncbi.nlm.nih.gov/pubmed/18676741
http://dx.doi.org/10.1371/journal.pgen.1002312
http://www.ncbi.nlm.nih.gov/pubmed/22022277
http://dx.doi.org/10.1038/nrc3844
http://www.ncbi.nlm.nih.gov/pubmed/25533676


Int. J. Mol. Sci. 2017, 18, 1774 23 of 33

58. Esteban, M.A.; Tran, M.G.B.; Harten, S.K.; Hill, P.; Castellanos, M.C.; Chandra, A.; Raval, R.; O’Brien, T.S.;
Maxwell, P.H. Regulation of E-cadherin Expression by VHL and Hypoxia-Inducible Factor. Cancer Res. 2006,
66, 3567–3575. [CrossRef] [PubMed]

59. Young, A.P.; Schlisio, S.; Minamishima, Y.A.; Zhang, Q.; Li, L.; Grisanzio, C.; Signoretti, S.; Kaelin, W.G. VHL
loss actuates a HIF-independent senescence programme mediated by Rb and p400. Nat. Cell Biol. 2008, 10,
361–369. [CrossRef] [PubMed]

60. Roe, J.S.; Kim, H.; Lee, S.M.; Kim, S.T.; Cho, E.J.; Youn, H.D. p53 stabilization and transactivation by a von
Hippel-Lindau protein. Mol. Cell 2006, 22, 395–405. [CrossRef] [PubMed]

61. Lee, S.; Nakamura, E.; Yang, H.; Wei, W.; Linggi, M.S.; Sajan, M.P.; Farese, R.V.; Freeman, R.S.;
Carter, B.D.; Kaelin, W.G., Jr.; et al. Neuronal apoptosis linked to EglN3 prolyl hydroxylase and familial
pheochromocytoma genes: Developmental culling and cancer. Cancer Cell 2005, 8, 155–167. [CrossRef]
[PubMed]

62. Thoma, C.R.; Toso, A.; Gutbrodt, K.L.; Reggi, S.P.; Frew, I.J.; Schraml, P.; Hergovich, A.; Moch, H.; Meraldi, P.;
Krek, W. VHL loss causes spindle misorientation and chromosome instability. Nat. Cell Biol. 2009, 11,
994–1001. [CrossRef] [PubMed]

63. Kurban, G.; Duplan, E.; Ramlal, N.; Hudon, V.; Sado, Y.; Ninomiya, Y.; Pause, A. Collagen matrix assembly is
driven by the interaction of von Hippel–Lindau tumor suppressor protein with hydroxylated collagen IV
alpha 2. Oncogene 2007, 27, 1004–1012. [CrossRef] [PubMed]

64. Ohh, M.; Yauch, R.L.; Lonergan, K.M.; Whaley, J.M.; Stemmer-Rachamimov, A.O.; Louis, D.N.; Gavin, B.J.;
Kley, N.; Kaelin, W.G., Jr.; Iliopoulos, O. The von Hippel-Lindau tumor suppressor protein is required for
proper assembly of an extracellular fibronectin matrix. Mol. Cell 1998, 1, 959–968. [CrossRef]

65. Hsu, T.; Adereth, Y.; Kose, N.; Dammai, V. Endocytic Function of von Hippel-Lindau Tumor Suppressor
Protein Regulates Surface Localization of Fibroblast Growth Factor Receptor 1 and Cell Motility. J. Biol. Chem.
2006, 281, 12069–12080. [CrossRef] [PubMed]

66. Chitalia, V.C.; Foy, R.L.; Bachschmid, M.M.; Zeng, L.; Panchenko, M.V.; Zhou, M.I.; Bharti, A.; Seldin, D.C.;
Lecker, S.H.; Dominguez, I.; et al. Jade-1 inhibits Wnt signalling by ubiquitylating β-catenin and mediates
Wnt pathway inhibition by pVHL. Nat. Cell Biol. 2008, 10, 1208–1216. [CrossRef] [PubMed]

67. Mikhaylova, O.; Ignacak, M.L.; Barankiewicz, T.J.; Harbaugh, S.V.; Yi, Y.; Maxwell, P.H.; Schneider, M.;
Geyte, K.V.; Carmeliet, P.; Revelo, M.P.; et al. The von hippel-lindau tumor suppressor protein and egl-9-type
proline hydroxylases regulate the large subunit of RNA polymerase II in response to oxidative stress.
Mol. Cell Biol. 2008, 28, 2701–2717. [CrossRef] [PubMed]

68. Xie, L.; Xiao, K.; Whalen, E.J.; Forrester, M.T.; Freeman, R.S.; Fong, G.; Gygi, S.P.; Lefkowitz, R.J.;
Stamler, J.S. Oxygen-Regulated β2-Adrenergic Receptor Hydroxylation by EGLN3 and Ubiquitylation
by pVHL. Sci. Signal 2009, 2, ra33. [CrossRef] [PubMed]

69. Yang, X.; Han, H.; De Carvalho, D.D.; Lay, F.D.; Jones, P.A.; Liang, G. Gene body methylation can alter gene
expression and is a therapeutic target in cancer. Cancer Cell 2014, 26, 577–590. [CrossRef] [PubMed]

70. Jaakkola, P.; Mole, D.R.; Tian, Y.M.; Wilson, M.I.; Gielbert, J.; Gaskell, S.J.; von Kriegsheim, A.; Hebestreit, H.F.;
Mukherji, M.; Schofield, C.J.; et al. Targeting of HIF-alpha to the von Hippel-Lindau ubiquitylation complex
by O2-regulated prolyl hydroxylation. Science 2001, 292, 468–472. [CrossRef] [PubMed]

71. Ivan, M.; Kondo, K.; Yang, H.; Kim, W.; Valiando, J.; Ohh, M.; Salic, A.; Asara, J.M.; Lane, W.S.; Kaelin, W.G., Jr.
HIFalpha targeted for VHL-mediated destruction by proline hydroxylation: Implications for O2 sensing.
Science 2001, 292, 464–468. [CrossRef] [PubMed]

72. Yu, F.; White, S.B.; Zhao, Q.; Lee, F.S. HIF-1α binding to VHL is regulated by stimulus-sensitive proline
hydroxylation. Proc. Natl. Acad. Sci. USA 2001, 98, 9630–9635. [CrossRef] [PubMed]

73. Epstein, A.C.; Gleadle, J.M.; McNeill, L.A.; Hewitson, K.S.; O’Rourke, J.; Mole, D.R.; Mukherji, M.; Metzen, E.;
Wilson, M.I.; Dhanda, A.; et al. C. elegans EGL-9 and mammalian homologs define a family of dioxygenases
that regulate HIF by prolyl hydroxylation. Cell 2001, 107, 43–54. [CrossRef]

74. Cockman, M.E.; Masson, N.; Mole, D.R.; Jaakkola, P.; Chang, G.W.; Clifford, S.C.; Maher, E.R.; Pugh, C.W.;
Ratcliffe, P.J.; Maxwell, P.H. Hypoxia inducible factor-alpha binding and ubiquitylation by the von
Hippel-Lindau tumor suppressor protein. J. Biol. Chem. 2000, 275, 25733–25741. [CrossRef] [PubMed]

75. Tanimoto, K.; Makino, Y.; Pereira, T.; Poellinger, L. Mechanism of regulation of the hypoxia-inducible
factor-1α by the von Hippel-Lindau tumor suppressor protein. EMBO J. 2000, 19, 4298–4309. [CrossRef]
[PubMed]

http://dx.doi.org/10.1158/0008-5472.CAN-05-2670
http://www.ncbi.nlm.nih.gov/pubmed/16585181
http://dx.doi.org/10.1038/ncb1699
http://www.ncbi.nlm.nih.gov/pubmed/18297059
http://dx.doi.org/10.1016/j.molcel.2006.04.006
http://www.ncbi.nlm.nih.gov/pubmed/16678111
http://dx.doi.org/10.1016/j.ccr.2005.06.015
http://www.ncbi.nlm.nih.gov/pubmed/16098468
http://dx.doi.org/10.1038/ncb1912
http://www.ncbi.nlm.nih.gov/pubmed/19620968
http://dx.doi.org/10.1038/sj.onc.1210709
http://www.ncbi.nlm.nih.gov/pubmed/17700531
http://dx.doi.org/10.1016/S1097-2765(00)80096-9
http://dx.doi.org/10.1074/jbc.M511621200
http://www.ncbi.nlm.nih.gov/pubmed/16505488
http://dx.doi.org/10.1038/ncb1781
http://www.ncbi.nlm.nih.gov/pubmed/18806787
http://dx.doi.org/10.1128/MCB.01231-07
http://www.ncbi.nlm.nih.gov/pubmed/18285459
http://dx.doi.org/10.1126/scisignal.2000444
http://www.ncbi.nlm.nih.gov/pubmed/19584355
http://dx.doi.org/10.1016/j.ccr.2014.07.028
http://www.ncbi.nlm.nih.gov/pubmed/25263941
http://dx.doi.org/10.1126/science.1059796
http://www.ncbi.nlm.nih.gov/pubmed/11292861
http://dx.doi.org/10.1126/science.1059817
http://www.ncbi.nlm.nih.gov/pubmed/11292862
http://dx.doi.org/10.1073/pnas.181341498
http://www.ncbi.nlm.nih.gov/pubmed/11504942
http://dx.doi.org/10.1016/S0092-8674(01)00507-4
http://dx.doi.org/10.1074/jbc.M002740200
http://www.ncbi.nlm.nih.gov/pubmed/10823831
http://dx.doi.org/10.1093/emboj/19.16.4298
http://www.ncbi.nlm.nih.gov/pubmed/10944113


Int. J. Mol. Sci. 2017, 18, 1774 24 of 33

76. Shen, C.; Beroukhim, R.; Schumacher, S.E.; Zhou, J.; Chang, M.; Signoretti, S.; Kaelin, W.G. Genetic and
Functional Studies Implicate HIF1α as a 14q Kidney Cancer Suppressor Gene. Cancer Discov. 2011, 1, 222–235.
[CrossRef] [PubMed]

77. Gordan, J.D.; Lal, P.; Dondeti, V.R.; Letrero, R.; Parekh, K.N.; Oquendo, C.E.; Greenberg, R.A.; Flaherty, K.T.;
Rathmell, W.K.; Keith, B.; et al. HIF-α effects on c-Myc distinguish two subtypes of sporadic VHL-deficient
clear cell renal carcinoma. Cancer Cell 2008, 14, 435–446. [CrossRef] [PubMed]

78. Maxwell, P.H.; Wiesener, M.S.; Chang, G.W.; Clifford, S.C.; Vaux, E.C.; Cockman, M.E.; Wykoff, C.C.;
Pugh, C.W.; Maher, E.R.; Ratcliffe, P.J. The tumour suppressor protein VHL targets hypoxia-inducible factors
for oxygen-dependent proteolysis. Nature 1999, 399, 271–275. [PubMed]

79. Kondo, K.; Kim, W.Y.; Lechpammer, M.; Kaelin, W.G. Inhibition of HIF2α Is Sufficient to Suppress
pVHL-Defective Tumor Growth. PLoS Biol. 2003, 1, e83. [CrossRef] [PubMed]

80. Zimmer, M.; Doucette, D.; Siddiqui, N.; Iliopoulos, O. Inhibition of hypoxia-inducible factor is sufficient for
growth suppression of VHL-/- tumors. Mol. Cancer Res. 2004, 2, 89–95. [PubMed]

81. Wallace, E.M.; Rizzi, J.P.; Han, G.; Wehn, P.M.; Cao, Z.; Du, X.; Cheng, T.; Czerwinski, R.M.; Dixon, D.D.;
Goggin, B.S.; et al. A Small-Molecule Antagonist of HIF2alpha Is Efficacious in Preclinical Models of Renal
Cell Carcinoma. Cancer Res. 2016, 76, 5491–5500. [CrossRef] [PubMed]

82. Chen, W.; Hill, H.; Christie, A.; Kim, M.S.; Holloman, E.; Pavia-Jimenez, A.; Homayoun, F.; Ma, Y.; Patel, N.;
Yell, P.; et al. Targeting renal cell carcinoma with a HIF-2 antagonist. Nature 2016, 539, 112–117. [CrossRef]
[PubMed]

83. Martinez-Saez, O.; Gajate Borau, P.; Alonso-Gordoa, T.; Molina-Cerrillo, J.; Grande, E. Targeting HIF-2 alpha
in clear cell renal cell carcinoma: A promising therapeutic strategy. Crit. Rev. Oncol. Hematol. 2017, 111,
117–123. [CrossRef] [PubMed]

84. Robinson, C.M.; Ohh, M. The multifaceted von Hippel-Lindau tumour suppressor protein. FEBS Lett. 2014,
588, 2704–2711. [CrossRef] [PubMed]

85. Allis, C.D.; Jenuwein, T. The molecular hallmarks of epigenetic control. Nat. Rev. Genet. 2016, 17, 487–500.
[CrossRef] [PubMed]

86. Patel, A.R.; Prasad, S.M.; Shih, Y.C.; Eggener, S.E. The association of the human development index with
global kidney cancer incidence and mortality. J. Urol. 2012, 187, 1978–1983. [CrossRef] [PubMed]

87. Bird, A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002, 16, 6–21. [CrossRef] [PubMed]
88. Anonymous. Beyond the genome. Nature 2015, 518, 273.
89. Sandoval, J.; Esteller, M. Cancer epigenomics: Beyond genomics. Curr. Opin. Genet. Dev. 2012, 22, 50–55.

[CrossRef] [PubMed]
90. Felsenfeld, G.; Groudine, M. Controlling the double helix. Nature 2003, 421, 448–453. [CrossRef] [PubMed]
91. Larkin, J.; Goh, X.Y.; Vetter, M.; Pickering, L.; Swanton, C. Epigenetic regulation in RCC: Opportunities for

therapeutic intervention? Nat. Rev. Urol. 2012, 9, 147–155. [CrossRef] [PubMed]
92. Ramakrishnan, S.; Ellis, L.; Pili, R. Histone modifications: Implications in renal cell carcinoma. Epigenomics

2013, 5, 453–462. [CrossRef] [PubMed]
93. Fisher, R.; Horswell, S.; Rowan, A.; Salm, M.P.; de Bruin, E.C.; Gulati, S.; McGranahan, N.; Stares, M.;

Gerlinger, M.; Varela, I.; et al. Development of synchronous VHL syndrome tumors reveals contingencies
and constraints to tumor evolution. Genome Biol. 2014, 15, 433. [CrossRef] [PubMed]

94. Kapitsinou, P.P.; Haase, V.H. The VHL tumor suppressor and HIF: Insights from genetic studies in mice.
Cell Death Differ. 2008, 15, 650–659. [CrossRef] [PubMed]

95. Nargund, A.M.; Pham, C.G.; Dong, Y.; Wang, P.I.; Osmangeyoglu, H.U.; Xie, Y.; Aras, O.; Han, S.; Oyama, T.;
Takeda, S.; et al. The SWI/SNF Protein PBRM1 Restrains VHL-Loss-Driven Clear Cell Renal Cell Carcinoma.
Cell Rep. 2017, 18, 2893–2906. [CrossRef] [PubMed]

96. Mandriota, S.J.; Turner, K.J.; Davies, D.R.; Murray, P.G.; Morgan, N.V.; Sowter, H.M.; Wykoff, C.C.;
Maher, E.R.; Harris, A.L.; Ratcliffe, P.J.; et al. HIF activation identifies early lesions in VHL kidneys:
Evidence for site-specific tumor suppressor function in the nephron. Cancer Cell 2002, 1, 459–468. [CrossRef]

97. Rankin, E.B.; Tomaszewski, J.E.; Haase, V.H. Renal Cyst Development in Mice with Conditional Inactivation
of the von Hippel-Lindau Tumor Suppressor. Cancer Res. 2006, 66, 2576–2583. [CrossRef] [PubMed]

98. Gossage, L.; Murtaza, M.; Slatter, A.F.; Lichtenstein, C.P.; Warren, A. Clinical and pathological impact of VHL,
PBRM1, BAP1, SETD2, KDM6A, and JARID1c in clear cell renal cell carcinoma. Genes Chromosom. Cancer
2013, 53, 38–51. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/2159-8290.CD-11-0098
http://www.ncbi.nlm.nih.gov/pubmed/22037472
http://dx.doi.org/10.1016/j.ccr.2008.10.016
http://www.ncbi.nlm.nih.gov/pubmed/19061835
http://www.ncbi.nlm.nih.gov/pubmed/10353251
http://dx.doi.org/10.1371/journal.pbio.0000083
http://www.ncbi.nlm.nih.gov/pubmed/14691554
http://www.ncbi.nlm.nih.gov/pubmed/14985465
http://dx.doi.org/10.1158/0008-5472.CAN-16-0473
http://www.ncbi.nlm.nih.gov/pubmed/27635045
http://dx.doi.org/10.1038/nature19796
http://www.ncbi.nlm.nih.gov/pubmed/27595394
http://dx.doi.org/10.1016/j.critrevonc.2017.01.013
http://www.ncbi.nlm.nih.gov/pubmed/28259286
http://dx.doi.org/10.1016/j.febslet.2014.02.026
http://www.ncbi.nlm.nih.gov/pubmed/24583008
http://dx.doi.org/10.1038/nrg.2016.59
http://www.ncbi.nlm.nih.gov/pubmed/27346641
http://dx.doi.org/10.1016/j.juro.2012.01.121
http://www.ncbi.nlm.nih.gov/pubmed/22498216
http://dx.doi.org/10.1101/gad.947102
http://www.ncbi.nlm.nih.gov/pubmed/11782440
http://dx.doi.org/10.1016/j.gde.2012.02.008
http://www.ncbi.nlm.nih.gov/pubmed/22402447
http://dx.doi.org/10.1038/nature01411
http://www.ncbi.nlm.nih.gov/pubmed/12540921
http://dx.doi.org/10.1038/nrurol.2011.236
http://www.ncbi.nlm.nih.gov/pubmed/22249190
http://dx.doi.org/10.2217/epi.13.40
http://www.ncbi.nlm.nih.gov/pubmed/23895657
http://dx.doi.org/10.1186/s13059-014-0433-z
http://www.ncbi.nlm.nih.gov/pubmed/25159823
http://dx.doi.org/10.1038/sj.cdd.4402313
http://www.ncbi.nlm.nih.gov/pubmed/18219317
http://dx.doi.org/10.1016/j.celrep.2017.02.074
http://www.ncbi.nlm.nih.gov/pubmed/28329682
http://dx.doi.org/10.1016/S1535-6108(02)00071-5
http://dx.doi.org/10.1158/0008-5472.CAN-05-3241
http://www.ncbi.nlm.nih.gov/pubmed/16510575
http://dx.doi.org/10.1002/gcc.22116
http://www.ncbi.nlm.nih.gov/pubmed/24166983


Int. J. Mol. Sci. 2017, 18, 1774 25 of 33

99. Thévenin, A.; Ein-Dor, L.; Ozery-Flato, M.; Shamir, R. Functional gene groups are concentrated within
chromosomes, among chromosomes and in the nuclear space of the human genome. Nucleic Acids Res. 2014,
42, 9854–9861. [CrossRef] [PubMed]

100. Peña-Llopis, S.; Christie, A.; Xie, X.J.; Brugarolas, J. Cooperation and antagonism among cancer genes: The
renal cancer paradigm. Cancer Res. 2013, 73, 4173–4179. [CrossRef] [PubMed]

101. Toma, M.I.; Grosser, M.; Herr, A.; Aust, D.E.; Meye, A.; Hoefling, C.; Fuessel, S.; Wuttig, D.; Wirth, M.P.;
Baretton, G.B. Loss of Heterozygosity and Copy Number Abnormality in Clear Cell Renal Cell Carcinoma
Discovered by High-Density Affymetrix 10K Single Nucleotide Polymorphism Mapping Array1. Neoplasia
2008, 10, 634–642. [CrossRef] [PubMed]

102. Young, A.C.; Craven, R.A.; Cohen, D.; Taylor, C.; Booth, C.; Harnden, P.; Cairns, D.A.; Astuti, D.; Gregory, W.;
Maher, E.R.; et al. Analysis of VHL gene alterations and their relationship to clinical parameters in sporadic
conventional renal cell carcinoma. Clin. Cancer Res. 2009, 15, 7582–7592. [CrossRef] [PubMed]

103. Liu, L.; Dilworth, D.; Gao, L.; Monzon, J.; Summers, A.; Lassam, N.; Hogg, D. Mutation of the CDKN2A
5' UTR creates an aberrant initiation codonand predisposes to melanoma. Nat. Genet. 1999, 21, 128–132.
[CrossRef] [PubMed]

104. Harbour, J.W.; Onken, M.D.; Roberson, E.D.; Duan, S.; Cao, L.; Worley, L.A.; Council, M.L.; Matatall, K.A.;
Helms, C.; Bowcock, A.M. Frequent mutation of BAP1 in metastasizing uveal melanomas. Science 2010, 330,
1410–1413. [CrossRef] [PubMed]

105. Bott, M.; Brevet, M.; Taylor, B.S.; Shimizu, S.; Ito, T.; Wang, L.; Creaney, J.; Lake, R.A.; Zakowski, M.F.;
Reva, B.; et al. The nuclear deubiquitinase BAP1 is commonly inactivated by somatic mutations and 3p21.1
losses in malignant pleural mesothelioma. Nat. Genet. 2011, 43, 668–672. [PubMed]

106. Arcaroli, J.J.; Quackenbush, K.S.; Powell, R.W.; Pitts, T.M.; Spreafico, A.; Varella-Garcia, M.; Bemis, L.;
Tan, A.C.; Reinemann, J.M.; Touban, B.M.; et al. Common PIK3CA Mutants and a Novel 3′ UTR Mutation
Are Associated with Increased Sensitivity to Saracatinib. Clin. Cancer Res. 2012, 18, 2704–2714. [CrossRef]
[PubMed]

107. Shain, A.H.; Giacomini, C.P.; Matsukuma, K.; Karikari, C.A.; Bashyam, M.D.; Hidalgo, M.; Maitra, A.;
Pollack, J.R. Convergent structural alterations define SWItch/Sucrose NonFermentable (SWI/SNF)
chromatin remodeler as a central tumor suppressive complex in pancreatic cancer. Proc. Natl. Acad. Sci. USA
2012, 109, E252–E259. [CrossRef] [PubMed]

108. Zhang, J.; Ding, L.; Holmfeldt, L.; Wu, G.; Heatley, S.L.; Payne-Turner, D.; Easton, J.; Chen, X.; Wang, J.;
Rusch, M.; et al. The genetic basis of early T-cell precursor acute lymphoblastic leukaemia. Nature 2012, 481,
157–163. [CrossRef] [PubMed]

109. Wang, L.; Tsutsumi, S.; Kawaguchi, T.; Nagasaki, K.; Tatsuno, K.; Yamamoto, S.; Sang, F.; Sonoda, K.;
Sugawara, M.; Saiura, A.; et al. Whole-exome sequencing of human pancreatic cancers and characterization
of genomic instability caused by MLH1 haploinsufficiency and complete deficiency. Genome Res. 2012, 22,
208–219. [CrossRef] [PubMed]

110. Reisman, D.; Glaros, S.; Thompson, E.A. The SWI/SNF complex and cancer. Oncogene 2009, 28, 1653–1668.
[CrossRef] [PubMed]

111. Clapier, C.R.; Cairns, B.R. The biology of chromatin remodeling complexes. Annu. Rev. Biochem. 2009, 78,
273–304. [CrossRef] [PubMed]

112. Thompson, M. Polybromo-1: The chromatin targeting subunit of the PBAF complex. Biochimie 2009, 91,
309–319. [CrossRef] [PubMed]

113. Benusiglio, P.R.; Couve, S.; Gilbert-Dussardier, B.; Deveaux, S.; Le Jeune, H.; Da Costa, M.; Fromont, G.;
Memeteau, F.; Yacoub, M.; Coupier, I.; et al. A germline mutation in PBRM1 predisposes to renal cell
carcinoma. J. Med. Genet. 2015, 52, 426–430. [CrossRef] [PubMed]

114. Brugarolas, J. PBRM1 and BAP1 as Novel Targets for Renal Cell Carcinoma. Cancer J. 2013, 19, 324–332.
[CrossRef] [PubMed]

115. Pawłowski, R.; Mühl, S.M.; Sulser, T.; Krek, W.; Moch, H.; Schraml, P. Loss of PBRM1 expression is associated
with renal cell carcinoma progression. Int. J. Cancer 2012, 132. [CrossRef] [PubMed]

116. Macher-Goeppinger, S.; Keith, M.; Tagscherer, K.E.; Singer, S. PBRM1 (BAF180) protein is functionally
regulated by p53-induced protein degradation in renal cell carcinomas. J. Pathol. 2017, 237, 460–471.
[CrossRef] [PubMed]

http://dx.doi.org/10.1093/nar/gku667
http://www.ncbi.nlm.nih.gov/pubmed/25056310
http://dx.doi.org/10.1158/0008-5472.CAN-13-0360
http://www.ncbi.nlm.nih.gov/pubmed/23832661
http://dx.doi.org/10.1593/neo.08160
http://www.ncbi.nlm.nih.gov/pubmed/18592004
http://dx.doi.org/10.1158/1078-0432.CCR-09-2131
http://www.ncbi.nlm.nih.gov/pubmed/19996202
http://dx.doi.org/10.1038/5082
http://www.ncbi.nlm.nih.gov/pubmed/9916806
http://dx.doi.org/10.1126/science.1194472
http://www.ncbi.nlm.nih.gov/pubmed/21051595
http://www.ncbi.nlm.nih.gov/pubmed/21642991
http://dx.doi.org/10.1158/1078-0432.CCR-11-3167
http://www.ncbi.nlm.nih.gov/pubmed/22553375
http://dx.doi.org/10.1073/pnas.1114817109
http://www.ncbi.nlm.nih.gov/pubmed/22233809
http://dx.doi.org/10.1038/nature10725
http://www.ncbi.nlm.nih.gov/pubmed/22237106
http://dx.doi.org/10.1101/gr.123109.111
http://www.ncbi.nlm.nih.gov/pubmed/22156295
http://dx.doi.org/10.1038/onc.2009.4
http://www.ncbi.nlm.nih.gov/pubmed/19234488
http://dx.doi.org/10.1146/annurev.biochem.77.062706.153223
http://www.ncbi.nlm.nih.gov/pubmed/19355820
http://dx.doi.org/10.1016/j.biochi.2008.10.019
http://www.ncbi.nlm.nih.gov/pubmed/19084573
http://dx.doi.org/10.1136/jmedgenet-2014-102912
http://www.ncbi.nlm.nih.gov/pubmed/25911086
http://dx.doi.org/10.1097/PPO.0b013e3182a102d1
http://www.ncbi.nlm.nih.gov/pubmed/23867514
http://dx.doi.org/10.1002/ijc.27822
http://www.ncbi.nlm.nih.gov/pubmed/22949125
http://dx.doi.org/10.1002/path.4592
http://www.ncbi.nlm.nih.gov/pubmed/26178300


Int. J. Mol. Sci. 2017, 18, 1774 26 of 33

117. Chowdhury, B.; Porter, E.G.; Stewart, J.C.; Ferreira, C.R.; Schipma, M.J.; Dykhuizen, E.C. PBRM1 regulates
the expression of genes involved in metabolism and cell adhesion in renal clear cell carcinoma. PLoS ONE
2016, 11, e0153718. [CrossRef] [PubMed]

118. Kapur, P.; Peña-Llopis, S.; Christie, A.; Zhrebker, L.; Pavía-Jiménez, A.; Rathmell, W.K.; Xie, X.J.; Brugarolas, J.
Effects on survival of BAP1 and PBRM1 mutations in sporadic clear-cell renal cell carcinoma: A retrospective
analysis with independent validation. Lancet Oncol. 2013, 14, 159–167. [CrossRef]

119. Brownlee, P.; Chambers, A.; Cloney, R.; Bianchi, A.; Downs, J. BAF180 Promotes Cohesion and Prevents
Genome Instability and Aneuploidy. Cell Rep. 2014, 6, 973–981. [CrossRef] [PubMed]

120. Gao, W.; Li, W.; Xiao, T.; Liu, X.S.; Kaelin, W.G., Jr. Inactivation of the PBRM1 tumor suppressor gene
amplifies the HIF-response in VHL-/- clear cell renal carcinoma. Proc. Natl. Acad. Sci. USA 2017, 114,
1027–1032. [CrossRef] [PubMed]

121. Brugarolas, J. Molecular Genetics of Clear-Cell Renal Cell Carcinoma. J. Clin. Oncol. 2014, 32, 1968–1976.
[CrossRef] [PubMed]

122. Peña-Llopis, S.; Vega-Rubín-de-Celis, S.; Liao, A.; Leng, N.; Pavía-Jiménez, A.; Wang, S.; Yamasaki, T.;
Zhrebker, L.; Sivanand, S.; Spence, P.; et al. BAP1 loss defines a new class of renal cell carcinoma. Nat. Genet.
2012, 44, 751–759. [CrossRef] [PubMed]

123. Testa, J.R.; Cheung, M.; Pei, J.; Below, J.E.; Tan, Y.; Sementino, E.; Cox, N.J.; Dogan, A.U.; Pass, H.I.;
Trusa, S.; et al. Germline BAP1 mutations predispose to malignant mesothelioma. Nat. Genet. 2011, 43,
1022–1025. [CrossRef] [PubMed]

124. Wiesner, T.; Obenauf, A.C.; Murali, R.; Fried, I.; Griewank, K.G.; Ulz, P.; Windpassinger, C.; Wackernagel, W.;
Loy, S.; Wolf, I.; et al. Germline mutations in BAP1 predispose to melanocytic tumors. Nat. Genet. 2011, 43,
1018–1021. [CrossRef] [PubMed]

125. Farley, M.N.; Schmidt, L.S.; Mester, J.L.; Pena-Llopis, S.; Pavia-Jimenez, A.; Christie, A.; Vocke, C.D.;
Ricketts, C.J.; Peterson, J.; Middelton, L.; et al. A Novel Germline Mutation in BAP1 Predisposes to Familial
Clear-Cell Renal Cell Carcinoma. Mol. Cancer Res. 2013, 11, 1061–1071. [CrossRef] [PubMed]

126. Jensen, D.E.; Proctor, M.; Marquis, S.T.; Gardner, H.P.; Ha, S.I.; Chodosh, L.A.; Ishov, A.M.; Tommerup, N.;
Vissing, H.; Sekido, Y.; et al. BAP1: A novel ubiquitin hydrolase which binds to the BRCA1 RING finger and
enhances BRCA1-mediated cell growth suppression. Oncogene 1998, 16, 1097–1112. [CrossRef] [PubMed]

127. Ventii, K.H.; Devi, N.S.; Friedrich, K.L.; Chernova, T.A.; Tighiouart, M.; Van Meir, E.G.; Wilkinson, K.D. BAP1
is a tumor suppressor that requires deubiquitinating activity and nuclear localization. Cancer Res. 2008, 68,
6953–6962. [CrossRef] [PubMed]

128. Nishikawa, H.; Wu, W.; Koike, A.; Kojima, R.; Gomi, H.; Fukuda, M.; Ohta, T. BRCA1-associated protein
1 interferes with BRCA1/BARD1 RING heterodimer activity. Cancer Res. 2009, 69, 111–119. [CrossRef]
[PubMed]

129. Pan, H.; Jia, R.; Zhang, L.; Xu, S.; Wu, Q.; Song, X.; Zhang, H.; Ge, S.; Xu, X.L.; Fan, X. BAP1 regulates cell cycle
progression through E2F1 target genes and mediates transcriptional silencing via H2A monoubiquitination
in uveal melanoma cells. Int. J. Biochem. Cell Biol. 2015, 60, 176–184. [CrossRef] [PubMed]

130. Landreville, S.; Agapova, O.A.; Matatall, K.A.; Kneass, Z.T.; Onken, M.D.; Lee, R.S.; Bowcock, A.M.;
Harbour, J.W. Histone deacetylase inhibitors induce growth arrest and differentiation in uveal melanoma.
Clin. Cancer Res. 2012, 18, 408–416. [CrossRef] [PubMed]

131. Dey, A.; Seshasayee, D.; Noubade, R.; French, D.M.; Liu, J.; Chaurushiya, M.S.; Kirkpatrick, D.S.; Pham, V.C.;
Lill, J.R.; Bakalarski, C.E.; et al. Loss of the tumor suppressor BAP1 causes myeloid transformation. Science
2012, 337, 1541–1546. [CrossRef] [PubMed]

132. Sato, Y.; Yoshizato, T.; Shiraishi, Y.; Maekawa, S.; Okuno, Y.; Kamura, T.; Shimamura, T.; Sato-Otsubo, A.;
Nagae, G.; Suzuki, H.; et al. Integrated molecular analysis of clear-cell renal cell carcinoma. Nat. Genet. 2013,
45, 860–867. [CrossRef] [PubMed]

133. Wagner, E.J.; Carpenter, P.B. Understanding the language of Lys36 methylation at histone H3. Nat. Rev. Mol.
Cell. Biol. 2012, 13, 115–126. [CrossRef] [PubMed]

134. Duns, G.; van den Berg, E.; van Duivenbode, I.; Osinga, J.; Hollema, H.; Hofstra, R.M.; Kok, K. Histone
methyltransferase gene SETD2 is a novel tumor suppressor gene in clear cell renal cell carcinoma. Cancer Res.
2010, 70, 4287–4291. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0153718
http://www.ncbi.nlm.nih.gov/pubmed/27100670
http://dx.doi.org/10.1016/S1470-2045(12)70584-3
http://dx.doi.org/10.1016/j.celrep.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24613357
http://dx.doi.org/10.1073/pnas.1619726114
http://www.ncbi.nlm.nih.gov/pubmed/28082722
http://dx.doi.org/10.1200/JCO.2012.45.2003
http://www.ncbi.nlm.nih.gov/pubmed/24821879
http://dx.doi.org/10.1038/ng.2323
http://www.ncbi.nlm.nih.gov/pubmed/22683710
http://dx.doi.org/10.1038/ng.912
http://www.ncbi.nlm.nih.gov/pubmed/21874000
http://dx.doi.org/10.1038/ng.910
http://www.ncbi.nlm.nih.gov/pubmed/21874003
http://dx.doi.org/10.1158/1541-7786.MCR-13-0111
http://www.ncbi.nlm.nih.gov/pubmed/23709298
http://dx.doi.org/10.1038/sj.onc.1201861
http://www.ncbi.nlm.nih.gov/pubmed/9528852
http://dx.doi.org/10.1158/0008-5472.CAN-08-0365
http://www.ncbi.nlm.nih.gov/pubmed/18757409
http://dx.doi.org/10.1158/0008-5472.CAN-08-3355
http://www.ncbi.nlm.nih.gov/pubmed/19117993
http://dx.doi.org/10.1016/j.biocel.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25582751
http://dx.doi.org/10.1158/1078-0432.CCR-11-0946
http://www.ncbi.nlm.nih.gov/pubmed/22038994
http://dx.doi.org/10.1126/science.1221711
http://www.ncbi.nlm.nih.gov/pubmed/22878500
http://dx.doi.org/10.1038/ng.2699
http://www.ncbi.nlm.nih.gov/pubmed/23797736
http://dx.doi.org/10.1038/nrm3274
http://www.ncbi.nlm.nih.gov/pubmed/22266761
http://dx.doi.org/10.1158/0008-5472.CAN-10-0120
http://www.ncbi.nlm.nih.gov/pubmed/20501857


Int. J. Mol. Sci. 2017, 18, 1774 27 of 33

135. Chantalat, S.; Depaux, A.; Hery, P.; Barral, S.; Thuret, J.Y.; Dimitrov, S.; Gerard, M. Histone H3 trimethylation
at lysine 36 is associated with constitutive and facultative heterochromatin. Genome Res. 2011, 21, 1426–1437.
[CrossRef] [PubMed]

136. Hu, M.; Sun, X.J.; Zhang, Y.L.; Kuang, Y.; Hu, C.Q.; Wu, W.L.; Shen, S.H.; Du, T.T.; Li, H.; He, F.; et al. Histone
H3 lysine 36 methyltransferase Hypb/Setd2 is required for embryonic vascular remodeling. Proc. Natl. Acad.
Sci. USA 2010, 107, 2956–2961. [CrossRef] [PubMed]

137. Li, F.; Mao, G.; Tong, D.; Huang, J.; Gu, L.; Yang, W.; Li, G.M. The histone mark H3K36me3 regulates human
DNA mismatch repair through its interaction with MutSalpha. Cell 2013, 153, 590–600. [CrossRef] [PubMed]

138. Carvalho, S.; Vitor, A.C.; Sridhara, S.C.; Martins, F.B.; Raposo, A.C.; Desterro, J.M.; Ferreira, J.; de Almeida, S.F.
SETD2 is required for DNA double-strand break repair and activation of the p53-mediated checkpoint. eLife
2014, 3, e02482. [CrossRef] [PubMed]

139. Pfister, S.X.; Ahrabi, S.; Zalmas, L.P.; Sarkar, S.; Aymard, F.; Bachrati, C.Z.; Helleday, T.; Legube, G.;
La Thangue, N.B.; Porter, A.C.; et al. SETD2-dependent histone H3K36 trimethylation is required for
homologous recombination repair and genome stability. Cell Rep. 2014, 7, 2006–2018. [CrossRef] [PubMed]

140. Kooistra, S.M.; Helin, K. Molecular mechanisms and potential functions of histone demethylases. Nat. Rev.
Mol. Cell. Biol. 2012, 13, 297–311. [CrossRef] [PubMed]

141. Simon, J.M.; Hacker, K.E.; Singh, D.; Brannon, A.R.; Parker, J.S.; Weiser, M.; Ho, T.H.; Kuan, P.F.; Jonasch, E.;
Furey, T.S.; et al. Variation in chromatin accessibility in human kidney cancer links H3K36 methyltransferase
loss with widespread RNA processing defects. Genome Res. 2014, 24, 241–250. [CrossRef] [PubMed]

142. Ho, T.H.; Park, I.Y.; Zhao, H.; Tong, P.; Champion, M.D.; Yan, H.; Monzon, F.A.; Hoang, A.; Tamboli, P.;
Parker, A.S.; et al. High-resolution profiling of histone h3 lysine 36 trimethylation in metastatic renal cell
carcinoma. Oncogene 2016, 35, 1565–1574. [CrossRef] [PubMed]

143. Barski, A.; Cuddapah, S.; Cui, K.; Roh, T.Y.; Schones, D.E.; Wang, Z.; Wei, G.; Chepelev, I.; Zhao, K.
High-resolution profiling of histone methylations in the human genome. Cell 2007, 129, 823–837. [CrossRef]
[PubMed]

144. Ler, L.D.; Ghosh, S.; Chai, X.; Thike, A.A.; Heng, H.L.; Siew, E.Y.; Dey, S.; Koh, L.K.; Lim, J.Q.; Lim, W.K.; et al.
Loss of tumor suppressor KDM6A amplifies PRC2-regulated transcriptional repression in bladder cancer
and can be targeted through inhibition of EZH2. Sci. Transl. Med. 2017, 9, eaai8312. [CrossRef] [PubMed]

145. Niu, X.; Zhang, T.; Liao, L.; Zhou, L.; Lindner, D.J.; Zhou, M.; Rini, B.; Yan, Q.; Yang, H. The von
Hippel–Lindau tumor suppressor protein regulates gene expression and tumor growth through histone
demethylase JARID1C. Oncogene 2011, 31, 776–786. [CrossRef] [PubMed]

146. Schödel, J.; Grampp, S.; Maher, E.R.; Moch, H.; Ratcliffe, P.J.; Russo, P.; Mole, D.R. Hypoxia,
Hypoxia-inducible Transcription Factors, and Renal Cancer. Eur. Urol. 2016, 69, 646–657. [CrossRef]
[PubMed]

147. Rondinelli, B.; Rosano, D.; Antonini, E.; Frenquelli, M.; Montanini, L.; Huang, D.; Segalla, S.; Yoshihara, K.;
Amin, S.B.; Lazarevic, D.; et al. Histone demethylase JARID1C inactivation triggers genomic instability in
sporadic renal cancer. J. Clin. Investig. 2015, 125, 4625–4637. [CrossRef] [PubMed]

148. Rondinelli, B.; Schwerer, H.; Antonini, E.; Gaviraghi, M.; Lupi, A.; Frenquelli, M.; Cittaro, D.; Segalla, S.;
Lemaitre, J.M.; Tonon, G. H3K4me3 demethylation by the histone demethylase KDM5C/JARID1C promotes
DNA replication origin firing. Nucleic Acids Res. 2015, 43, 2560–2574. [CrossRef] [PubMed]

149. Arseneault, M.; Monlong, J.; Vasudev, N.S.; Laskar, R.S.; Safisamghabadi, M.; Harnden, P.; Egevad, L.;
Nourbehesht, N.; Panichnantakul, P.; Holcatova, I.; et al. Loss of chromosome Y leads to down regulation
of KDM5D and KDM6C epigenetic modifiers in clear cell renal cell carcinoma. Sci. Rep. 2017, 7, 44876.
[CrossRef] [PubMed]

150. Gerlinger, M.; Rowan, A.J.; Horswell, S.; Math, M.; Larkin, J.; Endesfelder, D.; Gronroos, E.; Martinez, P.;
Matthews, N.; Stewart, A.; et al. Intratumor Heterogeneity and Branched Evolution Revealed by Multiregion
Sequencing. N. Engl. J. Med. 2012, 366, 883–892. [CrossRef] [PubMed]

151. Hakimi, A.A.; Ostrovnaya, I.; Reva, B.; Schultz, N.; Chen, Y.B.; Gonen, M.; Liu, H.; Takeda, S.; Voss, M.H.;
Tickoo, S.K.; et al. Adverse Outcomes in Clear Cell Renal Cell Carcinoma with Mutations of 3p21 Epigenetic
Regulators BAP1 and SETD2: A Report by MSKCC and the KIRC TCGA Research Network. Clin. Cancer Res.
2013, 19, 3259–3267. [CrossRef] [PubMed]

http://dx.doi.org/10.1101/gr.118091.110
http://www.ncbi.nlm.nih.gov/pubmed/21803857
http://dx.doi.org/10.1073/pnas.0915033107
http://www.ncbi.nlm.nih.gov/pubmed/20133625
http://dx.doi.org/10.1016/j.cell.2013.03.025
http://www.ncbi.nlm.nih.gov/pubmed/23622243
http://dx.doi.org/10.7554/eLife.02482
http://www.ncbi.nlm.nih.gov/pubmed/24843002
http://dx.doi.org/10.1016/j.celrep.2014.05.026
http://www.ncbi.nlm.nih.gov/pubmed/24931610
http://dx.doi.org/10.1038/nrm3327
http://www.ncbi.nlm.nih.gov/pubmed/22473470
http://dx.doi.org/10.1101/gr.158253.113
http://www.ncbi.nlm.nih.gov/pubmed/24158655
http://dx.doi.org/10.1038/onc.2015.221
http://www.ncbi.nlm.nih.gov/pubmed/26073078
http://dx.doi.org/10.1016/j.cell.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17512414
http://dx.doi.org/10.1126/scitranslmed.aai8312
http://www.ncbi.nlm.nih.gov/pubmed/28228601
http://dx.doi.org/10.1038/onc.2011.266
http://www.ncbi.nlm.nih.gov/pubmed/21725364
http://dx.doi.org/10.1016/j.eururo.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26298207
http://dx.doi.org/10.1172/JCI81040
http://www.ncbi.nlm.nih.gov/pubmed/26551685
http://dx.doi.org/10.1093/nar/gkv090
http://www.ncbi.nlm.nih.gov/pubmed/25712104
http://dx.doi.org/10.1038/srep44876
http://www.ncbi.nlm.nih.gov/pubmed/28332632
http://dx.doi.org/10.1056/NEJMoa1113205
http://www.ncbi.nlm.nih.gov/pubmed/22397650
http://dx.doi.org/10.1158/1078-0432.CCR-12-3886
http://www.ncbi.nlm.nih.gov/pubmed/23620406


Int. J. Mol. Sci. 2017, 18, 1774 28 of 33

152. Vieira-Coimbra, M.; Henrique, R.; Jerónimo, C. New insights on chromatin modifiers and histone
post-translational modifications in renal cell tumours. Eur. J. Clin. Investig. 2017, 45, 16–24. [CrossRef]
[PubMed]

153. Hakimi, A.A.; Chen, Y.B.; Wren, J.; Gonen, M.; Abdel-Wahab, O.; Heguy, A.; Liu, H.; Takeda, S.; Tickoo, S.K.;
Reuter, V.E.; et al. Clinical and Pathologic Impact of Select Chromatin Modulating Tumor Suppressors in
Clear Cell Renal Cell Carcinoma. Eur. Urol. 2013, 63, 848–854. [CrossRef] [PubMed]

154. Eckel-Passow, J.E.; Serie, D.J.; Cheville, J.C.; Ho, T.H.; Kapur, P.; Brugarolas, J.; Thompson, R.H.;
Leibovich, B.C.; Kwon, E.D.; Joseph, R.W.; et al. BAP1 and PBRM1 in metastatic clear cell renal cell
carcinoma: Tumor heterogeneity and concordance with paired primary tumor. BMC Urol. 2017, 17, 19.
[CrossRef] [PubMed]

155. Turner, B.M. Histone acetylation and an epigenetic code. BioEssays 2000, 22, 836–845. [CrossRef]
156. Grant, P.A. A tale of histone modifications. Genome Biol. 2001, 2, reviews0003.1–reviews0003.6. [CrossRef]

[PubMed]
157. Iizuka, M.; Smith, M.M. Functional consequences of histone modifications. Curr. Opin. Genet. Dev. 2003, 13,

154–160. [CrossRef]
158. Kanao, K.; Mikami, S.; Mizuno, R.; Shinojima, T.; Murai, M.; Oya, M. Decreased acetylation of histone H3

in renal cell carcinoma: A potential target of histone deacetylase inhibitors. J. Urol. 2008, 180, 1131–1136.
[CrossRef] [PubMed]

159. Mosashvilli, D.; Kahl, P.; Mertens, C.; Holzapfel, S.; Rogenhofer, S.; Hauser, S.; Büttner, R.; Von Ruecker, A.;
Müller, S.C.; Ellinger, J. Global histone acetylation levels: Prognostic relevance in patients with renal cell
carcinoma. Cancer Sci. 2010, 101, 2664–2669. [CrossRef] [PubMed]

160. Wang, Y.; Zhang, R.; Wu, D.; Lu, Z.; Sun, W.; Cai, Y.; Wang, C.; Jin, J. Epigenetic change in kidney tumor:
Downregulation of histone acetyltransferase MYST1 in human renal cell carcinoma. J. Exp. Clin. Cancer Res.
2013, 32, 8. [CrossRef] [PubMed]

161. Hsieh, J.; Gage, F.H. Epigenetic control of neural stem cell fate. Curr. Opin. Genet. Dev. 2004, 14, 461–469.
[CrossRef] [PubMed]

162. Robertson, K.D. DNA methylation and human disease. Nat. Rev. Genet. 2005, 6, 597–610. [CrossRef]
[PubMed]

163. Jones, P.A.; Baylin, S.B. The fundamental role of epigenetic events in cancer. Nat. Rev. Genet. 2002, 3, 415–428.
[PubMed]

164. Patil, V.; Ward, R.L.; Hesson, L.B. The evidence for functional non-CpG methylation in mammalian cells.
Epigenetics 2014, 9, 823–828. [CrossRef] [PubMed]

165. Baylin, S.B.; Jones, P.A. A decade of exploring the cancer epigenome—Biological and translational
implications. Nat. Rev. Cancer 2011, 11, 726–734. [CrossRef] [PubMed]

166. Lin, R.K.; Wang, Y.C. Dysregulated transcriptional and post-translational control of DNA methyltransferases
in cancer. Cell Biosci. 2014, 4, 46. [CrossRef] [PubMed]

167. Deaton, A.M.; Bird, A. CpG islands and the regulation of transcription. Genes Dev. 2011, 25, 1010–1022.
[CrossRef] [PubMed]

168. Hermann, A.; Gowher, H.; Jeltsch, A. Biochemistry and biology of mammalian DNA methyltransferases.
Cell Mol. Life Sci. 2004, 61, 2571–2587. [CrossRef] [PubMed]

169. Ropero, S.; Esteller, M. The role of histone deacetylases (HDACs) in human cancer. Mol. Oncol. 2007, 1, 19–25.
[CrossRef] [PubMed]

170. Consortium, T.E.P. An integrated encyclopedia of DNA elements in the human genome. Nature 2012, 489,
57–74.

171. Siggens, L.; Ekwall, K. Epigenetics, chromatin and genome organization: Recent advances from the ENCODE
project. J. Int. Med. 2014, 276, 201–214. [CrossRef] [PubMed]

172. Lizio, M.; Harshbarger, J.; Shimoji, H.; Severin, J.; Kasukawa, T.; Sahin, S.; Abugessaisa, I.; Fukuda, S.;
Hori, F.; Ishikawa-Kato, S.; et al. Gateways to the FANTOM5 promoter level mammalian expression atlas.
Genome Biol. 2015, 16, 22. [CrossRef] [PubMed]

173. Hu, C.Y.; Mohtat, D.; Yu, Y.; Ko, Y.A.; Shenoy, N.; Bhattacharya, S.; Izquierdo, M.C.; Park, A.S.; Giricz, O.;
Vallumsetla, N.; et al. Kidney cancer is characterized by aberrant methylation of tissue-specific enhancers
that are prognostic for overall survival. Clin. Cancer Res. 2014, 20, 4349–4360. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/eci.12360
http://www.ncbi.nlm.nih.gov/pubmed/25524582
http://dx.doi.org/10.1016/j.eururo.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/23036577
http://dx.doi.org/10.1186/s12894-017-0209-3
http://www.ncbi.nlm.nih.gov/pubmed/28327121
http://dx.doi.org/10.1002/1521-1878(200009)22:9&lt;836::AID-BIES9&gt;3.0.CO;2-X
http://dx.doi.org/10.1186/gb-2001-2-4-reviews0003
http://www.ncbi.nlm.nih.gov/pubmed/11305943
http://dx.doi.org/10.1016/S0959-437X(03)00020-0
http://dx.doi.org/10.1016/j.juro.2008.04.136
http://www.ncbi.nlm.nih.gov/pubmed/18639283
http://dx.doi.org/10.1111/j.1349-7006.2010.01717.x
http://www.ncbi.nlm.nih.gov/pubmed/20825416
http://dx.doi.org/10.1186/1756-9966-32-8
http://www.ncbi.nlm.nih.gov/pubmed/23394073
http://dx.doi.org/10.1016/j.gde.2004.07.006
http://www.ncbi.nlm.nih.gov/pubmed/15380235
http://dx.doi.org/10.1038/nrg1655
http://www.ncbi.nlm.nih.gov/pubmed/16136652
http://www.ncbi.nlm.nih.gov/pubmed/12042769
http://dx.doi.org/10.4161/epi.28741
http://www.ncbi.nlm.nih.gov/pubmed/24717538
http://dx.doi.org/10.1038/nrc3130
http://www.ncbi.nlm.nih.gov/pubmed/21941284
http://dx.doi.org/10.1186/2045-3701-4-46
http://www.ncbi.nlm.nih.gov/pubmed/25949795
http://dx.doi.org/10.1101/gad.2037511
http://www.ncbi.nlm.nih.gov/pubmed/21576262
http://dx.doi.org/10.1007/s00018-004-4201-1
http://www.ncbi.nlm.nih.gov/pubmed/15526163
http://dx.doi.org/10.1016/j.molonc.2007.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19383284
http://dx.doi.org/10.1111/joim.12231
http://www.ncbi.nlm.nih.gov/pubmed/24605849
http://dx.doi.org/10.1186/s13059-014-0560-6
http://www.ncbi.nlm.nih.gov/pubmed/25723102
http://dx.doi.org/10.1158/1078-0432.CCR-14-0494
http://www.ncbi.nlm.nih.gov/pubmed/24916699


Int. J. Mol. Sci. 2017, 18, 1774 29 of 33

174. Bhagat, T.D.; Zou, Y.; Huang, S.; Park, J.; Palmer, M.B.; Hu, C.; Li, W.; Shenoy, N.; Giricz, O.;
Choudhary, G.; et al. Notch Pathway Is Activated via Genetic and Epigenetic Alterations and Is a Therapeutic
Target in Clear Cell Renal Cancer. J. Biol. Chem. 2017, 292, 837–846. [CrossRef]

175. Malouf, G. Association of CpG island methylator phenotype with clear-cell renal cell carcinoma
aggressiveness. J. Clin. Oncol. 2014, 32, 4574.

176. Hughes, L.A.; Melotte, V.; de Schrijver, J.; de Maat, M.; Smit, V.T.; Bovée, J.V.; French, P.J.; Brandt, P.A.;
Schouten, L.J.; de Meyer, T.; et al. The CpG island methylator phenotype: What’s in a name? Cancers Res.
2013, 73, 5858–5868. [CrossRef] [PubMed]

177. Arai, E.; Ushijima, S.; Fujimoto, H.; Hosoda, F.; Shibata, T.; Kondo, T.; Yokoi, S.; Imoto, I.; Inazawa, J.;
Hirohashi, S.; et al. Genome-wide DNA methylation profiles in both precancerous conditions and clear cell
renal cell carcinomas are correlated with malignant potential and patient outcome. Carcinogenesis 2009, 30,
214–221. [CrossRef] [PubMed]

178. Arai, E.; Chiku, S.; Mori, T.; Gotoh, M.; Nakagawa, T.; Fujimoto, H.; Kanai, Y. Single-CpG-resolution
methylome analysis identifies clinicopathologically aggressive CpG island methylator phenotype clear cell
renal cell carcinomas. Carcinogenesis 2012, 33, 1487–1493. [CrossRef] [PubMed]

179. Toyota, M.; Ahuja, N.; Ohe-Toyota, M.; Herman, J.G.; Baylin, S.B.; Issa, J.P.J. CpG island methylator phenotype
in colorectal cancer. Proc. Natl. Acad. Sci. USA 1999, 96, 8681–8686. [CrossRef] [PubMed]

180. Shenoy, N.; Vallumsetla, N.; Zou, Y.; Galeas, J.N.; Shrivastava, M.; Hu, C.; Susztak, K.; Verma, A. Role of
DNA methylation in renal cell carcinoma. J. Hematol. Oncol. 2015, 8, 88. [CrossRef] [PubMed]

181. Kluzek, K.; Bluyssen, H.A.; Wesoly, J. The epigenetic landscape of clear-cell renal cell carcinoma. J. Kidney
Cancer VHL 2015, 2, 90–104. [CrossRef] [PubMed]

182. Morris, M.R.; Maher, E.R. Epigenetics of renal cell carcinoma: The path towards new diagnostics and
therapeutics. Genome Med. 2010, 2, 59. [CrossRef] [PubMed]

183. Sporn, M.B.; Liby, K.T. NRF2 and cancer: The good, the bad and the importance of context. Nat. Rev. Cancer
2012, 12, 564–571. [CrossRef] [PubMed]

184. Lee, D.F.; Kuo, H.P.; Liu, M.; Chou, C.K.; Xia, W.; Du, Y.; Shen, J.; Chen, C.T.; Huo, L.; Hsu, M.C.; et al. KEAP1
E3 Ligase-Mediated Down-Regulation of NF-κB Signaling by Targeting IKKβ. Mol. Cell 2009, 36, 131–140.
[CrossRef] [PubMed]

185. Pelicano, H.; Carney, D.; Huang, P. ROS stress in cancer cells and therapeutic implications. Drug Resist. Updat.
2004, 7, 97–110. [CrossRef] [PubMed]

186. Fabrizio, F.P.; Costantini, M.; Copetti, M.; Torre, A.l.; Sparaneo, A.; Fontana, A.; Poeta, L.; Gallucci, M.;
Sentinelli, S.; Graziano, P.; et al. keap1/nrf2 pathway in kidney cancer: Frequent methylation of keap1 gene
promoter in clear renal cell carcinoma. Oncotarget 2016, 8, 11187–11198.

187. Bender, C.M.; Gonzalgo, M.L.; Gonzales, F.A.; Nguyen, C.T.; Robertson, K.D.; Jones, P.A. Roles of Cell
Division and Gene Transcription in the Methylation of CpG Islands. Mol. Cell. Biol. 1999, 19, 6690–6698.
[CrossRef] [PubMed]

188. Kulis, M.; Heath, S.; Bibikova, M.; Queiros, A.C.; Navarro, A.; Clot, G.; Martinez-Trillos, A.; Castellano, G.;
Brun-Heath, I.; Pinyol, M.; et al. Epigenomic analysis detects widespread gene-body DNA hypomethylation
in chronic lymphocytic leukemia. Nat. Genet. 2012, 44, 1236–1242. [CrossRef] [PubMed]

189. Maunakea, A.K.; Nagarajan, R.P.; Bilenky, M.; Ballinger, T.J.; D’Souza, C.; Fouse, S.D.; Johnson, B.E.; Hong, C.;
Nielsen, C.; Zhao, Y.; et al. Conserved Role of Intragenic DNA Methylation in Regulating Alternative
Promoters. Nature 2010, 466, 253–257. [CrossRef] [PubMed]

190. Varley, K.E.; Gertz, J.; Bowling, K.M.; Parker, S.L.; Reddy, T.E.; Pauli-Behn, F.; Cross, M.K.; Williams, B.A.;
Stamatoyannopoulos, J.A.; Crawford, G.E.; et al. Dynamic DNA methylation across diverse human cell lines
and tissues. Genome Res. 2013, 23, 555–567. [CrossRef] [PubMed]

191. Salem, C.E.; Markl, I.D.; Bender, C.M.; Gonzales, F.A.; Jones, P.A.; Liang, G. PAX6 methylation and ectopic
expression in human tumor cells. Int. J. Cancer 2000, 87, 179–185. [CrossRef]

192. Globisch, D.; Munzel, M.; Muller, M.; Michalakis, S.; Wagner, M.; Koch, S.; Bruckl, T.; Biel, M.; Carell, T. Tissue
distribution of 5-hydroxymethylcytosine and search for active demethylation intermediates. PLoS ONE 2010,
5, e15367. [CrossRef] [PubMed]

193. Sérandour, A.A.; Avner, S.; Oger, F.; Bizot, M.; Percevault, F. Dynamic hydroxymethylation of
deoxyribonucleic acid marks differentiation-associated enhancers. Nucleic Acids Res. 2017, 40, 8255–8265.
[CrossRef]

http://dx.doi.org/10.1074/jbc.M116.745208
http://dx.doi.org/10.1158/0008-5472.CAN-12-4306
http://www.ncbi.nlm.nih.gov/pubmed/23801749
http://dx.doi.org/10.1093/carcin/bgn268
http://www.ncbi.nlm.nih.gov/pubmed/19037089
http://dx.doi.org/10.1093/carcin/bgs177
http://www.ncbi.nlm.nih.gov/pubmed/22610075
http://dx.doi.org/10.1073/pnas.96.15.8681
http://www.ncbi.nlm.nih.gov/pubmed/10411935
http://dx.doi.org/10.1186/s13045-015-0180-y
http://www.ncbi.nlm.nih.gov/pubmed/26198328
http://dx.doi.org/10.15586/jkcvhl.2015.33
http://www.ncbi.nlm.nih.gov/pubmed/28326264
http://dx.doi.org/10.1186/gm180
http://www.ncbi.nlm.nih.gov/pubmed/20815920
http://dx.doi.org/10.1038/nrc3278
http://www.ncbi.nlm.nih.gov/pubmed/22810811
http://dx.doi.org/10.1016/j.molcel.2009.07.025
http://www.ncbi.nlm.nih.gov/pubmed/19818716
http://dx.doi.org/10.1016/j.drup.2004.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15158766
http://dx.doi.org/10.1128/MCB.19.10.6690
http://www.ncbi.nlm.nih.gov/pubmed/10490608
http://dx.doi.org/10.1038/ng.2443
http://www.ncbi.nlm.nih.gov/pubmed/23064414
http://dx.doi.org/10.1038/nature09165
http://www.ncbi.nlm.nih.gov/pubmed/20613842
http://dx.doi.org/10.1101/gr.147942.112
http://www.ncbi.nlm.nih.gov/pubmed/23325432
http://dx.doi.org/10.1002/1097-0215(20000715)87:2&lt;179::AID-IJC4&gt;3.0.CO;2-X
http://dx.doi.org/10.1371/journal.pone.0015367
http://www.ncbi.nlm.nih.gov/pubmed/21203455
http://dx.doi.org/10.1093/nar/gks595


Int. J. Mol. Sci. 2017, 18, 1774 30 of 33

194. Pfeifer, G.P.; Kadam, S.; Jin, S.G. 5-hydroxymethylcytosine and its potential roles in development and cancer.
Epigenet. Chromatin 2013, 6, 10. [CrossRef] [PubMed]

195. Munari, E.; Chaux, A.; Vaghasia, A.M.; Taheri, D.; Karram, S.; Bezerra, S.M.; Gonzalez Roibon, N.;
Nelson, W.G.; Yegnasubramanian, S.; Netto, G.J.; et al. Global 5-Hydroxymethylcytosine Levels Are
Profoundly Reduced in Multiple Genitourinary Malignancies. PLoS ONE 2016, 11, e0146302. [CrossRef]
[PubMed]

196. Quinn, J.J.; Chang, H.Y. Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet.
2015, 17, 47–62. [CrossRef] [PubMed]

197. Kung, J.T.Y.; Colognori, D.; Lee, J.T. Long Noncoding RNAs: Past, Present, and Future. Genetics 2013, 193,
651–669. [CrossRef] [PubMed]

198. Ravasi, T.; Suzuki, H.; Pang, K.C.; Katayama, S.; Furuno, M.; Okunishi, R.; Fukuda, S.; Ru, K.; Frith, M.C.;
Gongora, M.M.; et al. Experimental validation of the regulated expression of large numbers of non-coding
RNAs from the mouse genome. Genome Res. 2006, 16, 11–19. [CrossRef] [PubMed]

199. Rinn, J.L.; Chang, H.Y. Genome regulation by long noncoding RNAs. Annu. Rev. Biochem. 2012, 81, 145–166.
[CrossRef] [PubMed]

200. Ponting, C.P.; Oliver, P.L.; Reik, W. Evolution and functions of long noncoding RNAs. Cell 2009, 136, 629–641.
[CrossRef] [PubMed]

201. Esteller, M. Non-coding RNAs in human disease. Nat. Rev. Genet. 2011, 12, 861–874. [CrossRef] [PubMed]
202. Blondeau, J.J.; Deng, M.; Syring, I.; Schrodter, S.; Schmidt, D.; Perner, S.; Muller, S.C.; Ellinger, J. Identification

of novel long non-coding RNAs in clear cell renal cell carcinoma. Clin. Epigenet. 2015, 7, 10. [CrossRef]
[PubMed]

203. Kornienko, A.E.; Guenzl, P.M.; Barlow, D.P.; Pauler, F.M. Gene regulation by the act of long non-coding RNA
transcription. BMC Biol. 2013, 11, 59. [CrossRef] [PubMed]

204. Tripathi, V.; Ellis, J.D.; Shen, Z.; Song, D.Y.; Pan, Q.; Watt, A.T.; Freier, S.M.; Bennett, C.F.; Sharma, A.;
Bubulya, P.A.; et al. The Nuclear-Retained Noncoding RNA MALAT1 Regulates Alternative Splicing by
Modulating SR Splicing Factor Phosphorylation. Mol. Cell 2010, 39, 925–938. [CrossRef] [PubMed]

205. Yang, F.; Zhang, L.; Huo, X.S.; Yuan, J.H.; Xu, D.; Yuan, S.X.; Zhu, N.; Zhou, W.P.; Yang, G.S.; Wang, Y.Z.; et al.
Long noncoding RNA high expression in hepatocellular carcinoma facilitates tumor growth through
enhancer of zeste homolog 2 in humans. Hepatology 2011, 54, 1679–1689. [CrossRef] [PubMed]

206. Zhang, H.M.; Yang, F.Q.; Chen, S.J.; Che, J.; Zheng, J.H. Upregulation of long non-coding RNA MALAT1
correlates with tumor progression and poor prognosis in clear cell renal cell carcinoma. Tumour Biol. 2015,
36, 2947–2955. [CrossRef] [PubMed]

207. Wu, X.S.; Wang, X.A.; Wu, W.G.; Hu, Y.P.; Li, M.L.; Ding, Q.; Weng, H.; Shu, Y.J.; Liu, T.Y.; Jiang, L.; et al.
MALAT1 promotes the proliferation and metastasis of gallbladder cancer cells by activating the ERK/MAPK
pathway. Cancer Biol. Ther. 2014, 15, 806–814. [CrossRef] [PubMed]

208. Seles, M.; Hutterer, G.C.; Kiesslich, T.; Pummer, K.; Berindan-Neagoe, I.; Perakis, S.; Schwarzenbacher, D.;
Stotz, M.; Gerger, A.; Pichler, M. Current Insights into Long Non-Coding RNAs in Renal Cell Carcinoma.
Int. J. Mol. Sci. 2016, 17, 573. [CrossRef] [PubMed]

209. Hirata, H.; Hinoda, Y.; Shahryari, V.; Deng, G.; Nakajima, K.; Tabatabai, Z.L.; Ishii, N.; Dahiya, R. Long
Noncoding RNA MALAT1 Promotes Aggressive Renal Cell Carcinoma through Ezh2 and Interacts with
miR-205. Cancer Res. 2015, 75, 1322–1331. [CrossRef] [PubMed]

210. Tsai, M.C.; Manor, O.; Wan, Y.; Mosammaparast, N.; Wang, J.K.; Lan, F.; Shi, Y.; Segal, E.; Chang, H.Y.
Long noncoding RNA as modular scaffold of histone modification complexes. Science 2010, 329, 689–693.
[CrossRef] [PubMed]

211. Sun, L.; Fang, J. Writer Meets Eraser in HOTAIR. Acta Biochim. Biophys. Sin. 2011, 43, 1–3. [CrossRef]
[PubMed]

212. Pei, C.S.; Wu, H.Y.; Fan, F.T.; Wu, Y.; Shen, C.S.; Pan, L.Q. Influence of curcumin on HOTAIR-mediated
migration of human renal cell carcinoma cells. Asian Pac. J. Cancer Prev. 2014, 15, 4239–4243. [CrossRef]
[PubMed]

213. Xia, M.; Yao, L.; Zhang, Q.; Wang, F.; Mei, H.; Guo, X.; Huang, W. Long noncoding RNA HOTAIR promotes
metastasis of renal cell carcinoma by up-regulating histone H3K27 demethylase JMJD3. Oncotarget 2017, 8,
19795–19802. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1756-8935-6-10
http://www.ncbi.nlm.nih.gov/pubmed/23634848
http://dx.doi.org/10.1371/journal.pone.0146302
http://www.ncbi.nlm.nih.gov/pubmed/26785262
http://dx.doi.org/10.1038/nrg.2015.10
http://www.ncbi.nlm.nih.gov/pubmed/26666209
http://dx.doi.org/10.1534/genetics.112.146704
http://www.ncbi.nlm.nih.gov/pubmed/23463798
http://dx.doi.org/10.1101/gr.4200206
http://www.ncbi.nlm.nih.gov/pubmed/16344565
http://dx.doi.org/10.1146/annurev-biochem-051410-092902
http://www.ncbi.nlm.nih.gov/pubmed/22663078
http://dx.doi.org/10.1016/j.cell.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19239885
http://dx.doi.org/10.1038/nrg3074
http://www.ncbi.nlm.nih.gov/pubmed/22094949
http://dx.doi.org/10.1186/s13148-015-0047-7
http://www.ncbi.nlm.nih.gov/pubmed/25685243
http://dx.doi.org/10.1186/1741-7007-11-59
http://www.ncbi.nlm.nih.gov/pubmed/23721193
http://dx.doi.org/10.1016/j.molcel.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/20797886
http://dx.doi.org/10.1002/hep.24563
http://www.ncbi.nlm.nih.gov/pubmed/21769904
http://dx.doi.org/10.1007/s13277-014-2925-6
http://www.ncbi.nlm.nih.gov/pubmed/25480417
http://dx.doi.org/10.4161/cbt.28584
http://www.ncbi.nlm.nih.gov/pubmed/24658096
http://dx.doi.org/10.3390/ijms17040573
http://www.ncbi.nlm.nih.gov/pubmed/27092491
http://dx.doi.org/10.1158/0008-5472.CAN-14-2931
http://www.ncbi.nlm.nih.gov/pubmed/25600645
http://dx.doi.org/10.1126/science.1192002
http://www.ncbi.nlm.nih.gov/pubmed/20616235
http://dx.doi.org/10.1093/abbs/gmq110
http://www.ncbi.nlm.nih.gov/pubmed/21138898
http://dx.doi.org/10.7314/APJCP.2014.15.10.4239
http://www.ncbi.nlm.nih.gov/pubmed/24935377
http://dx.doi.org/10.18632/oncotarget.15047
http://www.ncbi.nlm.nih.gov/pubmed/28177890


Int. J. Mol. Sci. 2017, 18, 1774 31 of 33

214. Poirier, F.; Chan, C.T.; Timmons, P.M.; Robertson, E.J.; Evans, M.J.; Rigby, P.W. The murine H19 gene is
activated during embryonic stem cell differentiation in vitro and at the time of implantation in the developing
embryo. Development 1991, 113, 1105–1114. [PubMed]

215. Ayesh, S.; Matouk, I.; Schneider, T.; Ohana, P.; et al. Possible physiological role of H19 RNA. Mol. Carcinogen.
2017, 35, 63–74. [CrossRef] [PubMed]

216. Raveh, E.; Matouk, I.J.; Gilon, M.; Hochberg, A. The H19 Long non-coding RNA in cancer initiation,
progression and metastasis—A proposed unifying theory. Mol. Cancer 2015, 14, 184. [CrossRef] [PubMed]

217. Wang, L.; Cai, Y.; Zhao, X.; Jia, X.; Zhang, J.; Liu, J.; Zhen, H.; Wang, T.; Tang, X.; Liu, Y.; et al. Down-regulated
long non-coding RNA H19 inhibits carcinogenesis of renal cell carcinoma. Neoplasma 2015, 62, 412–418.
[CrossRef] [PubMed]

218. Khaitan, D.; Dinger, M.E.; Mazar, J.; Crawford, J.; Smith, M.A.; Mattick, J.S.; Perera, R.J. The
melanoma-upregulated long noncoding RNA SPRY4-IT1 modulates apoptosis and invasion. Cancer Res.
2011, 71, 3852–3862. [CrossRef] [PubMed]

219. Zhang, H.M.; Yang, F.Q.; Yan, Y.; Che, J.P.; Zheng, J.H. High expression of long non-coding RNA SPRY4-IT1
predicts poor prognosis of clear cell renal cell carcinoma. Int. J. Clin. Exp. Pathol. 2014, 7, 5801–5809.
[PubMed]

220. Shi, Y.; Li, J.; Liu, Y.; Ding, J.; Fan, Y.; Tian, Y.; Wang, L.; Lian, Y.; Wang, K.; Shu, Y. The long noncoding
RNA SPRY4-IT1 increases the proliferation of human breast cancer cells by upregulating ZNF703 expression.
Mol. Cancer 2015, 14, 51. [CrossRef] [PubMed]

221. Sun, M.; Liu, X.H.; Lu, K.H.; Nie, F.Q.; Xia, R.; Kong, R.; Yang, J.S.; Xu, T.P.; Liu, Y.W.; Zou, Y.F.; et al.
EZH2-mediated epigenetic suppression of long noncoding RNA SPRY4-IT1 promotes NSCLC cell
proliferation and metastasis by affecting the epithelial–mesenchymal transition. Cell Death Dis. 2014,
5, e1298. [CrossRef] [PubMed]

222. Liu, H.; Lv, Z.; Guo, E. Knockdown of long noncoding RNA SPRY4-IT1 suppresses glioma cell proliferation,
metastasis and epithelial-mesenchymal transition. Int. J. Clin. Exp. Pathol. 2015, 8, 9140–9146. [PubMed]

223. Wang, Y.; Liu, J.; Bai, H.; Dang, Y.; Lv, P.; Wu, S. Long intergenic non-coding RNA 00152 promotes renal
cell carcinoma progression by epigenetically suppressing P16 and negatively regulates miR-205. Am. J.
Cancer Res. 2017, 7, 312–322. [PubMed]

224. Schuster-Gossler, K.; Bilinski, P.; Sado, T.; Ferguson-Smith, A.; Gossler, A.; et al. The mouse Gtl2 gene is
differentially expressed during embryonic development, encodes multiple alternatively spliced transcripts,
and may act as an RNA. Dev. Dyn. 1998, 212, 214–228. [CrossRef]

225. Stadtfeld, M.; Apostolou, E.; Akutsu, H.; Fukuda, A.; Follett, P.; Natesan, S.; Kono, T.; Shioda, T.;
Hochedlinger, K. Aberrant silencing of imprinted genes on chromosome 12qF1 in mouse induced pluripotent
stem cells. Nature 2010, 465, 175–181. [CrossRef] [PubMed]

226. You, L.; Wang, N.; Yin, D.; Wang, L.; Jin, F.; Zhu, Y.; Yuan, Q.; De, W. Downregulation of Long Noncoding
RNA Meg3 Affects Insulin Synthesis and Secretion in Mouse Pancreatic Beta Cells. J. Cell. Phys. 2017, 231,
852–862. [CrossRef] [PubMed]

227. Zhu, J.; Liu, S.; Ye, F.; Shen, Y.; Tie, Y.; Wei, L.; Jin, Y.; Fu, H.; Wu, Y.; Zheng, X. Long Noncoding RNA
MEG3 Interacts with p53 Protein and Regulates Partial p53 Target Genes in Hepatoma Cells. PLoS ONE 2015,
10, e0139790. [CrossRef] [PubMed]

228. Lu, K.; Li, W.; Liu, X.; Sun, M.; Zhang, M.; Wu, W.; Xie, W.; Hou, Y. Long non-coding RNA MEG3 inhibits
NSCLC cells proliferation and induces apoptosis by affecting p53 expression. BMC Cancer 2013, 13, 461.
[CrossRef] [PubMed]

229. Miyoshi, N.; Wagatsuma, H.; Wakana, S.; Shiroishi, T.; Nomura, M.; Aisaka, K.; Kohda, T.; Surani, M.A.;
Kaneko-Ishino, T.; Ishino, F. Identification of an imprinted gene, Meg3/Gtl2 and its human homologue
MEG3, first mapped on mouse distal chromosome 12 and human chromosome 14q. Genes Cells 2000, 5,
211–220. [CrossRef] [PubMed]

230. Wang, M.; Huang, T.; Luo, G.; Huang, C.; Xiao, X.Y.; Wang, L.; Jiang, G.S.; Zeng, F.Q. Long non-coding RNA
MEG3 induces renal cell carcinoma cells apoptosis by activating the mitochondrial pathway. J. Huazhong
Univ. Sci. Technolog. Med. Sci. 2015, 35, 541–545. [CrossRef] [PubMed]

231. Smith, C.M.; Steitz, J.A. Classification of gas5 as a Multi-Small-Nucleolar-RNA (snoRNA) Host Gene and
a Member of the 5′-Terminal Oligopyrimidine Gene Family Reveals Common Features of snoRNA Host
Genes. Mol. Cell. Biol. 1998, 18, 6897–6909. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/1811930
http://dx.doi.org/10.1002/mc.10075
http://www.ncbi.nlm.nih.gov/pubmed/12325036
http://dx.doi.org/10.1186/s12943-015-0458-2
http://www.ncbi.nlm.nih.gov/pubmed/26536864
http://dx.doi.org/10.4149/neo_2015_049
http://www.ncbi.nlm.nih.gov/pubmed/25866221
http://dx.doi.org/10.1158/0008-5472.CAN-10-4460
http://www.ncbi.nlm.nih.gov/pubmed/21558391
http://www.ncbi.nlm.nih.gov/pubmed/25337221
http://dx.doi.org/10.1186/s12943-015-0318-0
http://www.ncbi.nlm.nih.gov/pubmed/25742952
http://dx.doi.org/10.1038/cddis.2014.256
http://www.ncbi.nlm.nih.gov/pubmed/24967960
http://www.ncbi.nlm.nih.gov/pubmed/26464658
http://www.ncbi.nlm.nih.gov/pubmed/28337379
http://dx.doi.org/10.1002/(SICI)1097-0177(199806)212:2&lt;214::AID-AJA6&gt;3.0.CO;2-K
http://dx.doi.org/10.1038/nature09017
http://www.ncbi.nlm.nih.gov/pubmed/20418860
http://dx.doi.org/10.1002/jcp.25175
http://www.ncbi.nlm.nih.gov/pubmed/26313443
http://dx.doi.org/10.1371/journal.pone.0139790
http://www.ncbi.nlm.nih.gov/pubmed/26444285
http://dx.doi.org/10.1186/1471-2407-13-461
http://www.ncbi.nlm.nih.gov/pubmed/24098911
http://dx.doi.org/10.1046/j.1365-2443.2000.00320.x
http://www.ncbi.nlm.nih.gov/pubmed/10759892
http://dx.doi.org/10.1007/s11596-015-1467-5
http://www.ncbi.nlm.nih.gov/pubmed/26223924
http://dx.doi.org/10.1128/MCB.18.12.6897
http://www.ncbi.nlm.nih.gov/pubmed/9819378


Int. J. Mol. Sci. 2017, 18, 1774 32 of 33

232. Qiao, H.P.; Gao, W.S.; Huo, J.X.; Yang, Z.S. Long non-coding RNA GAS5 functions as a tumor suppressor in
renal cell carcinoma. Asian Pac. J. Cancer Prev. 2013, 14, 1077–1082. [CrossRef] [PubMed]

233. Pickard, M.R.; Williams, G.T. Molecular and Cellular Mechanisms of Action of Tumour Suppressor GAS5
LncRNA. Genes 2015, 6, 484–499. [CrossRef] [PubMed]

234. Yao, J.; Chen, Y.; Wang, Y.; Liu, S.; Yuan, X.; Pan, F.; Geng, P. Decreased expression of a novel lncRNA
CADM1-AS1 is associated with poor prognosis in patients with clear cell renal cell carcinomas. Int. J. Clin.
Exp. Pathol. 2014, 7, 2758–2767. [PubMed]

235. Murakami, Y. Involvement of a cell adhesion molecule, TSLC1/IGSF4, in human oncogenesis. Cancer Sci.
2005, 96, 543–552. [CrossRef] [PubMed]

236. Fritzsche, F.R.; Weichert, W.; Röske, A.; Gekeler, V.; Beckers, T.; Stephan, C.; Jung, K.; Scholman, K.;
Denkert, C.; Dietel, M.; et al. Class I histone deacetylases 1, 2 and 3 are highly expressed in renal cell
cancer. BMC Cancer 2008, 8, 381. [CrossRef] [PubMed]

237. Minardi, D.; Lucarini, G.; Filosa, A.; Zizzi, A.; et al. Prognostic role of global DNA-methylation and histone
acetylation in pT1a clear cell renal carcinoma in partial nephrectomy specimens. J. Cell. Mol. Med. 2008, 13,
2115–2121. [CrossRef] [PubMed]

238. Jones, J.; Juengel, E.; Mickuckyte, A.; Hudak, L.; Wedel, S.; Jonas, D.; Blaheta, R.A. The histone deacetylase
inhibitor valproic acid alters growth properties of renal cell carcinoma in vitro and in vivo. J. Cell. Mol. Med.
2009, 13, 2376–2385. [CrossRef] [PubMed]

239. Siu, L.L.; Pili, R.; Duran, I.; Messersmith, W.A.; Chen, E.X.; Sullivan, R.; MacLean, M.; King, S.; Brown, S.;
Reid, G.K.; et al. Phase I Study of MGCD0103 Given As a Three-Times-Per-Week Oral Dose in Patients With
Advanced Solid Tumors. J. Clin. Oncol. 2008, 26, 1940–1947. [CrossRef] [PubMed]

240. Touma, S.E.; Goldberg, J.S.; Moench, P.; Guo, X.; Tickoo, S.K.; Gudas, L.J.; Nanus, D.M. Retinoic acid and
the histone deacetylase inhibitor trichostatin a inhibit the proliferation of human renal cell carcinoma in a
xenograft tumor model. Clin. Cancer Res. 2005, 11, 3558–3566. [CrossRef] [PubMed]

241. Wang, X.F.; Qian, D.Z.; Ren, M.; Kato, Y.; Wei, Y.; Zhang, L.; Fansler, Z.; Clark, D.; Nakanishi, O.; Pili, R.
Epigenetic modulation of retinoic acid receptor beta2 by the histone deacetylase inhibitor MS-275 in human
renal cell carcinoma. Clin. Cancer Res. 2005, 11, 3535–3542. [CrossRef] [PubMed]

242. Yoshikawa, M.; Hishikawa, K.; Marumo, T.; Fujita, T. Inhibition of histone deacetylase activity suppresses
epithelial-to-mesenchymal transition induced by TGF-beta1 in human renal epithelial cells. J. Am.
Soc. Nephrol. 2007, 18, 58–65. [CrossRef] [PubMed]

243. Verheul, H.M.; Salumbides, B.; Van Erp, K.; Hammers, H.; Qian, D.Z.; Sanni, T.; Atadja, P.; Pili, R.
Combination strategy targeting the hypoxia inducible factor-1 alpha with mammalian target of rapamycin
and histone deacetylase inhibitors. Clin. Cancer Res. 2008, 14, 3589–3597. [CrossRef] [PubMed]

244. Kim, M.S.; Kwon, H.J.; Lee, Y.M.; Baek, J.H.; Jang, J.-E.; Lee, S.-W.; Moon, E.-J.; Kim, H.-S.; Lee, S.-K.;
Chung, H.Y.; et al. Histone deacetylases induce angiogenesis by negative regulation of tumor suppressor
genes. Nat. Med. 2001, 7, 437–443. [CrossRef] [PubMed]

245. Jeong, J.W.; Bae, M.K.; Ahn, M.Y.; Kim, S.H.; Sohn, T.K.; Bae, M.H.; Yoo, M.A.; Song, E.J.; Lee, K.J.; Kim, K.W.
Regulation and destabilization of HIF-1alpha by ARD1-mediated acetylation. Cell 2002, 111, 709–720.
[CrossRef]

246. Kong, X.; Lin, Z.; Liang, D.; Fath, D.; Sang, N.; Caro, J. Histone Deacetylase Inhibitors Induce VHL and
Ubiquitin-Independent Proteasomal Degradation of Hypoxia-Inducible Factor 1α. Mol. Cell. Biol. 2006, 26,
2019–2028. [CrossRef] [PubMed]

247. Fischer, C.; Leithner, K.; Wohlkoenig, C.; Quehenberger, F.; Bertsch, A.; Olschewski, A.; Olschewski, H.;
Hrzenjak, A. Panobinostat reduces hypoxia-induced cisplatin resistance of non-small cell lung carcinoma
cells via HIF-1α destabilization. Mol. Cancer 2015, 14, 4. [CrossRef] [PubMed]

248. Sato, A.; Asano, T.; Isono, M.; Ito, K. Ritonavir acts synergistically with panobinostat to enhance histone
acetylation and inhibit renal cancer growth. Mol. Clin. Oncol. 2014, 2, 1016–1022. [CrossRef] [PubMed]

249. Stadler, W.M.; Margolin, K.; Ferber, S.; McCulloch, W.; Thompson, J.A. A phase II study of depsipeptide in
refractory metastatic renal cell cancer. Clin. Genitourin. Cancer 2006, 5, 57–60. [CrossRef] [PubMed]

250. Hainsworth, J.D.; Infante, J.R.; Spigel, D.R.; Arrowsmith, E.R.; Boccia, R.V.; Burris, H.A. A phase II trial of
panobinostat, a histone deacetylase inhibitor, in the treatment of patients with refractory metastatic renal cell
carcinoma. Cancer Investig. 2011, 29, 451–455. [CrossRef] [PubMed]

http://dx.doi.org/10.7314/APJCP.2013.14.2.1077
http://www.ncbi.nlm.nih.gov/pubmed/23621190
http://dx.doi.org/10.3390/genes6030484
http://www.ncbi.nlm.nih.gov/pubmed/26198250
http://www.ncbi.nlm.nih.gov/pubmed/25031695
http://dx.doi.org/10.1111/j.1349-7006.2005.00089.x
http://www.ncbi.nlm.nih.gov/pubmed/16128739
http://dx.doi.org/10.1186/1471-2407-8-381
http://www.ncbi.nlm.nih.gov/pubmed/19099586
http://dx.doi.org/10.1111/j.1582-4934.2008.00482.x
http://www.ncbi.nlm.nih.gov/pubmed/18752633
http://dx.doi.org/10.1111/j.1582-4934.2008.00436.x
http://www.ncbi.nlm.nih.gov/pubmed/18657224
http://dx.doi.org/10.1200/JCO.2007.14.5730
http://www.ncbi.nlm.nih.gov/pubmed/18421048
http://dx.doi.org/10.1158/1078-0432.CCR-04-1155
http://www.ncbi.nlm.nih.gov/pubmed/15867260
http://dx.doi.org/10.1158/1078-0432.CCR-04-1092
http://www.ncbi.nlm.nih.gov/pubmed/15867257
http://dx.doi.org/10.1681/ASN.2005111187
http://www.ncbi.nlm.nih.gov/pubmed/17135397
http://dx.doi.org/10.1158/1078-0432.CCR-07-4306
http://www.ncbi.nlm.nih.gov/pubmed/18519793
http://dx.doi.org/10.1038/86507
http://www.ncbi.nlm.nih.gov/pubmed/11283670
http://dx.doi.org/10.1016/S0092-8674(02)01085-1
http://dx.doi.org/10.1128/MCB.26.6.2019-2028.2006
http://www.ncbi.nlm.nih.gov/pubmed/16507982
http://dx.doi.org/10.1186/1476-4598-14-4
http://www.ncbi.nlm.nih.gov/pubmed/25608569
http://dx.doi.org/10.3892/mco.2014.349
http://www.ncbi.nlm.nih.gov/pubmed/25279191
http://dx.doi.org/10.3816/CGC.2006.n.018
http://www.ncbi.nlm.nih.gov/pubmed/16859580
http://dx.doi.org/10.3109/07357907.2011.590568
http://www.ncbi.nlm.nih.gov/pubmed/21696296


Int. J. Mol. Sci. 2017, 18, 1774 33 of 33

251. Mahalingam, D.; Medina, E.C.; Esquivel, J.A., II; Espitia, C.M.; Smith, S.; Oberheu, K.; Swords, R.; Kelly, K.R.;
Mita, M.M.; Mita, A.C.; et al. Vorinostat enhances the activity of temsirolimus in renal cell carcinoma through
suppression of survivin levels. Clin. Cancer Res. 2010, 16, 141–153.

252. Cooper, S.J.; von Roemeling, C.A.; Kang, K.H.; Marlow, L.A.; Grebe, S.K.; Menefee, M.E.; Tun, H.W.;
Colon-Otero, G.; Perez, E.A.; Copland, J.A. Re-expression of tumor suppressor, sFRP1, leads to antitumor
synergy of combined HDAC and methyltransferase inhibitors in chemoresistant cancers. Mol. Cancer Ther.
2012, 11, 2105–2115. [CrossRef] [PubMed]

253. Liu, L.; Xu, Z.; Zhong, L.; Wang, H.; Jiang, S.; Long, Q.; Xu, J.; Guo, J. Enhancer of zeste homolog 2 (EZH2)
promotes tumour cell migration and invasion via epigenetic repression of E-cadherin in renal cell carcinoma.
BJU Int. 2017, 117, 351–362. [CrossRef] [PubMed]

254. Zhou, J.; Bi, C.; Cheong, L.L.; Mahara, S.; Liu, S.C.; Tay, K.G.; Koh, T.L.; Yu, Q.; Chng, W.J. The histone
methyltransferase inhibitor, DZNep, up-regulates TXNIP, increases ROS production, and targets leukemia
cells in AML. Blood 2011, 118, 2830–2839. [CrossRef] [PubMed]

255. Tan, J.; Yang, X.; Zhuang, L.; Jiang, X.; Chen, W.; Lee, P.L.; Karuturi, R.M.; Tan, P.B.O.; Liu, E.T.; Yu, Q.
Pharmacologic disruption of Polycomb-repressive complex 2-mediated gene repression selectively induces
apoptosis in cancer cells. Genes Dev. 2007, 21, 1050–1063. [CrossRef] [PubMed]

256. Pfister, S.; Markkanen, E.; Jiang, Y.; Sarkar, S.; Woodcock, M.; Orlando, G.; Mavrommati, I.; Pai, C.C.;
Zalmas, L.P.; Drobnitzky, N.; et al. Inhibiting WEE1 Selectively Kills Histone H3K36me3-Deficient Cancers
by dNTP Starvation. Cancer Cell 2015, 28, 557–568. [CrossRef] [PubMed]

257. Joeckel, T.E.; Lubbert, M. Clinical results with the DNA hypomethylating agent 5-aza-2′-deoxycytidine
(decitabine) in patients with myelodysplastic syndromes: An update. Semin. Hematol. 2012, 49, 330–341.
[CrossRef] [PubMed]

258. Ricketts, C.J.; Morris, M.R.; Gentle, D.; Shuib, S.; Brown, M.; Clarke, N.; Wei, W.; Nathan, P.; Latif, F.;
Maher, E.R. Methylation profiling and evaluation of demethylating therapy in renal cell carcinoma.
Clin. Epigenet. 2013, 5, 16. [CrossRef] [PubMed]

259. Hagiwara, H.; Sato, H.; Ohde, Y.; Takano, Y.; Seki, T.; Ariga, T.; Hokaiwado, N.; Asamoto, M.; Shirai, T.;
Nagashima, Y.; et al. 5-Aza-2′-deoxycytidine suppresses human renal carcinoma cell growth in a xenograft
model via up-regulation of the connexin 32 gene. Br. J. Pharmacol. 2008, 153, 1373–1381. [CrossRef] [PubMed]

260. Brannon, A.R.; Haake, S.M.; Hacker, K.E.; Pruthi, R.S.; Wallen, E.M.; Nielsen, M.E.; Rathmell, W.K.
Meta-analysis of clear cell renal cell carcinoma gene expression defines a variant subgroup and identifies
gender influences on tumor biology. Eur. Urol. 2012, 61, 258–268. [CrossRef] [PubMed]

261. Ricketts, C.J.; Linehan, W.M. Gender Specific Mutation Incidence and Survival Associations in Clear Cell
Renal Cell Carcinoma (CCRCC). PLoS ONE 2015, 10, e0140257. [CrossRef] [PubMed]

262. Hsieh, J.J.; Chen, D.; Wang, P.I.; Marker, M.; Redzematovic, A.; Chen, Y.B.; Selcuklu, S.D.; Weinhold, N.;
Bouvier, N.; Huberman, K.H.; et al. Genomic Biomarkers of a Randomized Trial Comparing First-line
Everolimus and Sunitinib in Patients with Metastatic Renal Cell Carcinoma. Eur. Urol. 2017, 71, 405–414.
[CrossRef] [PubMed]

263. Becket, E.; Chopra, S.; Duymich, C.E.; Lin, J.J.; You, J.S.; Pandiyan, K.; Nichols, P.W.; Siegmund, K.D.;
Charlet, J.; Weisenberger, D.J.; et al. Identification of DNA Methylation-Independent Epigenetic Events
Underlying Clear Cell Renal Cell Carcinoma. Cancer Res. 2016, 76, 1954–1964. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/1535-7163.MCT-11-0873
http://www.ncbi.nlm.nih.gov/pubmed/22826467
http://dx.doi.org/10.1111/bju.12702
http://www.ncbi.nlm.nih.gov/pubmed/24612432
http://dx.doi.org/10.1182/blood-2010-07-294827
http://www.ncbi.nlm.nih.gov/pubmed/21734239
http://dx.doi.org/10.1101/gad.1524107
http://www.ncbi.nlm.nih.gov/pubmed/17437993
http://dx.doi.org/10.1016/j.ccell.2015.09.015
http://www.ncbi.nlm.nih.gov/pubmed/26602815
http://dx.doi.org/10.1053/j.seminhematol.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/23079063
http://dx.doi.org/10.1186/1868-7083-5-16
http://www.ncbi.nlm.nih.gov/pubmed/24034811
http://dx.doi.org/10.1038/bjp.2008.17
http://www.ncbi.nlm.nih.gov/pubmed/18264126
http://dx.doi.org/10.1016/j.eururo.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22030119
http://dx.doi.org/10.1371/journal.pone.0140257
http://www.ncbi.nlm.nih.gov/pubmed/26484545
http://dx.doi.org/10.1016/j.eururo.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27751729
http://dx.doi.org/10.1158/0008-5472.CAN-15-2622
http://www.ncbi.nlm.nih.gov/pubmed/26759245
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Von Hippel-Lindau (VHL) and Hypoxia-Inducible Factors (HIF) 
	Physiology of the VHL-HIF Pathway 
	Hypoxia-Driven Tumorigenesis of ccRCC 

	Epigenetics of ccRCC 
	Histone Modifications 
	Chromosome 3p: A Hub for Mutated Epigenome Modifiers 
	Epigenome Modifiers on Sex Chromosomes 
	Potential Clinical Significance of Mutations in Histone/Chromatin Modifiers 
	Other Histone Modifications 

	DNA Methylation 
	Long Non-Coding RNA (LncRNA) 
	Oncogenic LncRNA in RCC 
	Tumor Suppressive LncRNAs in RCC 


	Epigenetic Therapy for RCC 
	Histone Deacetylase (HDACs) Inhibitors 
	Histone Methyltransferases (HMTs) and Histone Demethylases (HDMTs) Inhibitors 
	DNA Methyltransferases (DNMT) Inhibitors 

	Conclusions and Emerging Concepts 

